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PREFACE 



The wofld*8 attitude lowwd ndjomiclideoontaiiiination of fimds suddenly changed on April 26, 1986. 
Od Out date the accident and fire at the nuclear reactor at the Chernobyl power station released a considenble 
amount of radioactive substances into the atmosphere. Radioactive particles were transported over Europe and 
Asia by air currents and eventually settled to earth to besin a new life as environmental coolamioaats. 
Wideapwadmonhoriiigofwdiowidideconia^ 

However, since the cessation of above-ground testing of nuclc;ir weapons in the 1960*s tfwfe Ind been ttdB 
public coDcera and consequently reduced monitoring of radionuclides in foods. 

Aa t lanilt of the widespread fallout of radionuclides firom Qieniobyl, nations began intensive sampling 
and analysis efforts to determine the level and extent of the contamination. Food sampling and regular 
mumionng of radioactivity levels were activated by all the countries affected by the fallout and by countries 
importing food from affected areas. 

In December 1986 FAO convened an Expert Guisultation in Rome to discuss and recommend limits 
for fBdiomicIide contanwiwHon of fboda. As die raniU of thtf ooomltetioa and fiuHier elabontion widiia tte 

Codex Alimentarius Commission, Guideline Levels for Radionuclides in Foods Following Accidental Nuclear 
Contamination for Use in International Trade were established. These GuideUnes are published in Codex 
Alimentarius. Volume 1. FAO and WHO. 1992. ISBN 92-5-103120-7. 

Although years have passed since the Chernobyl accident, nations continue to carry out monitoring 
activities for radionuclides. In an effort to provide assistance and standardization to public and private 
fsdionuclide monitoring lystems, liie Pood and Agricultuie Ofganizatkm of the United Natiooa lias p w paw d 
this comprehensive manual which contains backgrtNind jnfonintioin aloag with sampling and analysis 
methodology for detennining nulioaudides in foods. 

FAO wishes to acknowledge the efforts of Edmond J. Baratta, Winchester Engineering and Analytical 
Center, FtHxl and Drug Administration (FDA), Winchester, MA, USA, who prepared the text for this manual. 
The contribution of other FDA statT including the dedicated assistance of Ms. Donna A. Cuneo, who typed the 
many early and final dmfl* of this manual. The feoerous support of James W. RUgenM, Diredor of the 
Wlnctoster Enginearinig and Analytical Oenter, is gtatefiilly acknowledged. 

This publication is available to penoos and otganizalioiis. ComnMOts and snggeslioiis lor posnUe 
fiifthsr flditians of Ibis puUicatioo should be send io: 

The Chief 

Food Quality and Standards Service 

Food and Nutrition Division 

Food and Agriculture Organization of the United Nations 
00100 Rone. luly 
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SPECIAL NOTE 

The Laboratory pioeedores dc^nbed in this Manual are designed to be carried out by properly trained 
powomiri io • nilriily ttfiippti tabonlmy. In common with many nch prooednns, Hbey vmy involw 
ImiwIoim nrniffiriilwi 

Forthecowoctand wfcMWCTilionof Ihewpwwdii^ follow 

While the greatest caie has been exeiciaed in the preparation of ttiia nifonnation, FAO expressly 
diwclamw any liability to men of Hwas prooednna for cooaeqiieatial damafBi of any kind ariaing out <rf or 
oooneded with tbair nan. 

The analytieal {prooednna detailed henin an alao not to be ngaided aa official beonaa of tfiajr . 
irulusion in this Manual. They an aUnpIy pfooaduna which have been found lo be accnnin and npradncible 

in a variety of labontories. 
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I. INTRODUCTION TO RADIOACTIVITY & RADIATION 
ElEMENTARY NUCLEAR PHYSICS 

1. INTRODUCTION 

The modem epoch in physics may be said to have begun with the discovery of X-rays by Roentgen 
in 1895. This w;(s followed by the discover)' of radioactivity by Bccquerel in 1896. 1 hestf two discoveries led 
to other development in the understaoding of nuclear structure, reactions, and the vanuus types ot particles 
kvolved. AU tbew investtgatioiis finally culmiiMtod in ttie diioovMy of Turion" which iMoltBd in Ifae 
development of atomic energy, bodi in pMoe and war. We sfatU review heie briefly our iouwladfe of nuckar 
radiation and atomic structure. 

2. ATOMIC STRUCTURE 

All matter is made up ot elements. The smallest part uf an element is the atom. The size of a 
hydrogen atom, which is tiie smalleat, has a weicht of about L67xl0* gnuna. hi comparison, a ufanium atom 

would weigh about 4.0x10 " grains. The atom itself consi.sts of a central nucleus surrtniiidt-d hy a cloud of 
electrons ranging in number, from one for hydrogen to ninety-two for uranium. These electrons are said to 
move in oriMtsaroond Ae central nucleus. The size of the nucleus is consideiably smaller ttian that of the atom, 
the size of the hydrogen nucleus being 1.4x10^'' cm. The nucleus itself consists of protons which carry a luit 
positive charge 'e' (e= 1.6x10'" coulombs) and neutrons which carry no charge. The mass of the neutron is 
only slightly greater than that of the proton. The electron carries a unit negative charge and has a mass 
qtproximatdy I/I840 of that of a pioton or a neution. Hence most of the mass of the atom is carried in Ae 
nucleus. It is also known that most of the eneisy of the atom is also stored in the micleas. 

3. ELEMENTS AND ISOTOPES 

All the elements of the periodic table are made up of protons and neutrons in the nucleus and electrons 
orbiting around it. The total charge carried by the nucleus is equal to the number of protons in it. This number 
is called the 'atomic number' and is characteristic of each element. Since the atom as a whole is electrically 
neutral, there will be as many electrons around the nucleus as there are protons in it. The number of protons 
plus neutrons gives the 'mass number' of the atom. Thus the mass number of carbon, «C'', is 12 and the atomic 
number is 6. If two nuclei have the same number of protons in the nucleus, but diffoient number of neutrons, 
they arc called isotopes. For example. 4Be' and Jic'° are isotopes of beryllium having the same number of 
protons and the niunber of neutrons being 3 and 6 respectively. Isotopes have the same chemical properties 
which depend on flie nuniber of eteotrons in the oMtla uaaai the nndeus, bni diflennl phyaieai p rope rt i e s 
which depend on the central nucleus. 

A. RADIOACTIVITY 

As mentioned before, it was noted early in this ceutoiy that certain substances are radioactive, that is, 

they spontaneously emit different types of radiations and transform into other elements depending on the emitted 
radiations. This process, which was first noted in the heavy dements like uranium, radium etc., was found to 
obey exponential decay law, that is, the amount of radiation emitted decieases with time in such a manner that 

ibe period for reduction to half the initial value is constant. This period is called the "half life" and is 
characteristic of the concerned isutupc. The variuu.s types ol radiations emitted in radioactive decay are 
des cri bed in subsequent sections. 

5. ALPHA RADIATION 

Alpha radiation is emitted generally by the heavy elements like uranium, thorium, radium etc. They 
are identical with the nucleus of the helium atom, carrying two protons and two neutrons. Hence their mass 
is about four times that of the nucleus of the hydrogen atom (one proton only) and the charge is +2e, that is, 
twice that of the hydrogen nucleus. The alpha radiation is usually highly energetic, having energies in the range 

of 4 to 9 Million electron volts. (1 MeV - 1 ,602 x 10* eri.";). In view of its heavy mass and charge, alpha 
particles are highly ionizing and are easily absorbed. Hence they can travel only a lew centimeters or so in air. 
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They cannot penetrate beyond the skin and are harmful only when they enter the body organs either by 
iidialatioa or by ingestion of contaminated food. 

All the alpha radiations emitted from a nucleus will have the same energy and in some cases, two or 
thrae discrete energy values. The alpha radiations hive a fixad penetratioo range in the various materials which 
is dundarifllie of die malerial and alpha eaetgy. 

Beyond this range, the alpha radiation cannot penetrate. On alpha emission, the element will transform 
into another ekmeat of atomic number two teas and the mass number four less than diose of the origtnal 

6. BETA RADIATTON 

Beta particles are particles iJentical to electrons. They are emitted in radioactive decay with various 
MMfgiea nagtng from nearly zero to a maximum energy characteristic of Ihc decaying radioactive isotope. 
Henoe their energy apectnim diflert ftom dnt of alpha nya whidi have discrete energies. The beta rays can 

travel a few feet in air hut tannot peoetnle much beyond the depth of the skin of a person. Hence, like the 
alpha rays, they are harmful only when they are inside the body. From outside they can cause only skin bums. 
Beta lays are abaoibed hi an approximately exponential nanner, that is, diey have a characteiistic tbidOMas in 
the particular material which will reduce the radiation intensity to half the initial \ alue. This Vafue depends On 
the ahmiic number of the material, its density and the maximum energy of the beu particles. 

Although theoretically the intensity of the beta radiation cannot be reduced to zero due to the 
exponential absorption, it can be reduced to negligibly small values by osmg several "half value thicknesses* 

of the shielding material. 

In emitting beta rays, the radioactive material transforms into another element of atomic number one 

tugher than the original element as the nucleus loses one negative charge (or gains one positive charge). The 
mass number, however, remains (he same as the mmdier of Bucleoos in the nucleus remains the same. Some 
nuclei emit a positively charged beU particle, 'position". In such cases, the dement trsnsfonns into an dement 
with atomic number one lower than the original one. 

7. GAMMA RADIATION 

Gamma radiation is dectromagnetic radiation similar to light but of much higher energy. The 
wavelength of gamma rays is mudi shorter than that of visible light. The energy of the electromagnetic 

radiation or photon is given as W = hy, where h is the Planck's constant, y (nu) is the frequency, equal to cX', 
c being the velocity of light and X (lambda) the wave length of the radiation. Ganuna rays are emitted in 
radioactive decay almg with alpha or beta radiations. Like alpha rays, gamma rays have discrete energies. 
Hiqr aie absorbed exponentially in materials, but in view of Iheir great penetrating power,ooly Ihidc blocks of 

concrete, lead or other high density materials can reduce their intensity to small value The t-amma rays can 
deliver a whole body dose either from outside or mside the body due to their high penetrating power. 

The element does imt cfaaofe due to gamma ndiaticn, but will change depending on the ac c omp a nying 
alpha or beta radiation. 

S. NUCLEAR REACTIONS 

In addition to radioactivity, the nucleus of the atom can undergo changes and enut radiations as anaiitt 
of various types of "nuclear icactions". In these reactions, the nucleus is bombarded by particles like dpha 

rays, prfitons. neutrons etc., which are generated (and accelerated) in accelerators, rsactOfS etc. The nucleus 
on bombardment, emits other particles like protons, neutrons, deuterons and changes aooofdingly. The emitted 
particles like protons, deolerons etc., canying charge have fixed nmges in materids. Neotrons like the gamma 
rays, are exponentially absorbed and are hazardous in view of their high penetrating power. In many of the 
nuclear reactions, the energy put in for the reaction is more than the energy gut out. That is, they are 
*enidoei|K* and not 'exoeific*. 
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9. NUCLEAR FISSION 

One nuclear reaction of great inteiest is the nuclear fission which takes place in heavy nuclei like 
uranium, plutonium etc. When a neutron enters the nucleus of an atom of one of the above elements, the atom 
split^i inlu Iwu nearly equal parts releasinj; two or more neutrons and about 200 Me V of enerjjy. These neutrons 
can strike oOier nuclei and canae fiiither fiaaioos and Hbm • dnin leaetkn can be built up under oartan 
conditions. 

Although many isotopes of heavy elements can fission, only a few like U-23S, Pu-239, U-233 can 
sustain a fission chain reaction from wliidi energy can be usefully tapped. (This is because of the possibility 
of fission in these isotopes from the neutrons released from their own fission. Other tsotope s WOUkt retpiilU 
neutrons of higher energies than that of the neutrons produced in their own fission.) 

If the fission reaction is controlled to maintain a steady level of fissions, we have the nuclear reactors 
fironi which energy can be usefiiliy Upped. In nuclear weapons, bowever, the chain reaction is allowed to build 
up at a very rapid rate to create an explosion. 

In the fission reaction, the uranium atom splits into two or more parts and the products formed are 
elements of much smaller atonuc number. These fission products are highly radioactive, emitting beta and 
ganuna rays and eve veiy hazaidous. TliBy have half lives nmging to aevenl yean, and, depending on their 
chemical properties* tb^ can euler dw buoMui body. Thus dieee fissioa products can give ntemal as well aa 
external dose. 

10. NUCLEAR FUSION 

In nuclear fusion, light nuclei like those of the isotopes of hydrogen, tusc together to form bigger 
nuclei. Ilteseieactions, like fissioa, are exoergic and release eoornous amounts of energy. A fusion process 

can he realized by homhardini: lit'ht element by cwlntrons or other high energy accelerators. In these cases, 
only an extremely small fraction of the bombarding particles is utilized for fusion and hence the eoeigy obtained 
is egctmnely small compared to the energy required for accelerating die bombaiding particles. However, at 
extremely hi^ temperatures, it is possible to get significant amounts of energy. The best illustration of Urn 

thermonuclear process is the fomiation of helium from hydrogen in the stars. Another example is the hydrogen 
bomb, in which using ttie high tcnipcralurcs of the nuclear fission reaction as the trigger, a fusion chain reaction 

ia built vp to release enonnous amounts of eimgy. However, coolralled releMO of enef^y by fiiBioa', m m 
fission reactors, has not yet been achieved. 
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A. NATURAL RADIOACTIVITY 



INTRODUCnON 

Man has always been exposed to low-lcvcl ionizing radiation which m present in his environment. This 
radialica, leftmd'to ai 'mtunl l»6kgfQiMiii"» ii not directly cauMd or produced by nm, but due nrther to 
ntunl causes or lources. 

Because (he exposure whidi mao has reoetved frona background radiatiaa causes a tew disoeraiUe 

effects, a knowledge of the sources of this radiation and the dose which man receives from it would He helpfiil 
in establisliing, for man, levels of exposure which are not expected to have significantly hannful efftKts. 

The soHfces of oatunl backgiound can be sepantted uMo die two foU^^ 

a) Those which are found m their original or natural environment . 

b) Those which are foiinJ not in their natural envinnmant but father have been reananged or 
moved by man to an artificial environment. 

a) NATURAL SOURCES OF EXPOSURE 

Sources in their Natural Environment 

Primary cosmic n3rs consist of high energy protons, hdiura nuclei, and heavy ions, which origunrtB 

outside of the earth's atmosphere, and are present throughout the universe. A snnll fraction of Ihem strikes 

the earth's atmosphere and produces secondary radiations which give a continuous radiation dose to the eaftfl*s 
inhabitants. The^ "secondaries" consist of photons, electrons, mesons and neutrons. 

The radiation intensity varies with latiliidc !t is uhout 10% lower at the geomagnetic equator than 
at higher latitudes of 45° or greater. Of more importance, howev^ , it the variation of intensity with altitude. 
TIm dose at 40,000 ft. is about 100 times as grsst ss it is at sea levd. Cosmic radiatioo constitutes 
sfipKNdfflataly 2S% <rf H» lotsl backgroiaid dosage to die population. 

2. Terrestrial radiation 

Several of the elements in the earth's crust art- raditiaclive. T^fsi- which contrihiitc niost to natural 
background are C'^, K". and members of the and rh~'' senes. On the average, one square mile of soil 
ooe foot deep contains about one ton of K^, three tons of U'", and six ions of Tb^. SurfiKe rock contains 
ahciut twice as much uranium and thorium as does the soil. Uranium is found in chemical combination in 
deposits of rocks and minerals in Colorado, New Mexico, Utah and other Western states; also to some extent 
in Tenoessee and Florida. Thorium ut found in huge mineni bearing deposits in the Rod^r Mountain Stales 
and the CaroUnas. Fo(a88iuni-40 is found primarily u granite and ahm shaleB widi lesser amouiits in soil and 
sandstone. 

Water and air also contain C*, K^, Th^' and U'" and their daughter products, though to a much lesser 
extent. The levela of radioactivity in the air vaiy considerably widi location, weadier, and atmoepheric 

conditions. 

b) SOURCES IN AN ARTIFICIAL ENVIRONMENT 

Man distuibs some natonl sources of radioactivity by removing them from their natural enviraomeot 
and transporting them to an artificial one. By so doing, he tends lo coooentrale them in some ptaoes and to 
difhise them in otiier phnes. 
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1. Uanium mining and milliny operatioM 



radioactive wastes are discharged tato die air tad water from mining operations, these 
operations are considereJ to aJd to the hackgrounJ exposure of the population. Here, as in terrestrial radiation, 
the food, water, and air which man consumes coniam radiocoatamioanta. Though there is an external exposure 
hazaid to the milling aad milling worioers, die dose wlucfc die gcnenl popubtioD receives is primerily an 



2. Buildint; materials 

Many of the materials which man uses for his huildings contain U'^ and ThP- from the earth's crust. 
The uranium and thorium constitute external sources ot exposure wbi\c their daughter products, beginning with 
die geiBi ndon and dioRm leqiecliviriy, provide ^liBnial aoureea of enponre duongh die air. 



The intensity of radiation which man receives from building materials depends upon the type of 
•tracmre in which he dwells. The dose rates from wood, brick, and conenle are in latios of about 1:2:3. 

C) OVERALL DOSES FROM NATURAL BACKGROUND 

Aasnmmg diat a petaon ^Mnds two4hiiids of Us tiBie indoon and ttat die distil 

which he spends his time is divided e<]ually. the gonadal dose rate which he would receive from external 
exposure ranges from about 0,55-1.05 mCy/year. This figure includes the dose rate from cosmic and terrestnal 
ndialiflaasweUaatbntfiombufldingmilefiaU. The total intentdgcNwdaldoaenlefiPoaniiniog and miUi^^ 
tenea tria l, and building nMierial aounea is about 0.23 mCy/year. 

A breakdown of the doses received from the various natural background sources is as follows: 

SOURCE OF RADIATION DOSE TO GONADS (mOy/year) 

External 

Cosmic Rays at Sea Level 0.30-0.70 

Tematrial plua Buildings 0.2S-0.75 
Radon and TlMfon in Air 0.02 

Potassium - IC" 0.20 
Carbon - C" 0.01 

Radon, Tfaoron and Daughter O.QZ 



Total Badtgraund Dose 0.80-1 .70 nOy/yaat 

It should be remembered that the dose rates as listed ahove are only avenge figures giving typical dose 
rates under "normal" circumstances. The background dose tu any person Of sa^ion of the country can vary 
from dieae figuns liy a fiwior of 2 or 3. 
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B. ARTIFICIAL RADIOACTIVITY 
NUCLEAR DETONATIONS AND FALLOUT 

INTRODUCTION 

The testing of various nuclear and thermonuclc^ir devices, w he I her dropped from an airplane, in towers, 
barges, or slightly below the earth's surface, thru&tii radioactive fisiiion productii and earth and water mixtures 
into dM stntoaphera (Ae latter oocwb prineipalljr as a rasalt of lafjer exphwloiu). Hieie paiticulalB nrixturas 
also include unfissioneJ and iinfused device materials. ca'>ing and '^tnicUiral test miterials (which may be 
adivalad by neutrons from the detonation), and remains of plant and animal life (wUcb also may undergo 
neulnm activation). 

Depending upon the altitude and physical-chemical nature of these particles, they fall back to earth, 
under the mfluence of gravity and meteorological conditions, during a span ut seconds to decades. When they 
maka contact with the temsbial and aquatic envirooineot, theaa matnriala aie moie properly call Miout . The 
tenuB niBSIlt and anowout mqr also be used as sulhcat^ories of 'ftUout*. 

Adsoiptive and absoqytive tnmsfers of Mi-out into die biosphere are possible causes for concem by 
mankind. The ultimate deposition of follout radionuclides in various human "critical Offans' may tend to 
increase the incidence of various neoplasm s , shorten lifespan, and accelerate normal Aging processes. 

a) NUCLEAR AND THERMONUCLEAR DEVICES WHICH CAN CAUSE FALLOUT 

Three basic types of devices have been tested for warfare applications as bombs, rocket warheads, and 
artilkiy shells. Some of Iheae may be modified for usage m dearing waterway cfaannds, produciiig heat and 
ladiomiidides in undetgnwod mines, and odier possible peace time ^ipUcations. 

1. Fission Device (also called atomic, or nuclear weapon) 

This device utilizes only fissionable material such as uninium-235 or plulnnium-239. The first one was 
detonated on a tower at I'rinity Site, New Mexico on July 16, 1945. A blast equivalence of about 20 kilotons 
(KT) of trimtrotahieneCrNT) is conmiaB for audi a weapon. Bolh gan4Mml and apherical aasemhiiea have 
proven suocessfol. The devices may be made small enough to fit into an aitiUeiy or bazDoka shell. 

2. Fission-Fu8ion Device (also called hydrogen or the r monuclear weqion) 

This weapoa is basically a fiasian device which is surrounded by the heavy isotopes of hydrogen: 
deuterium and tritium. The fisrion core releases tremendous quantities of hot and neutrons which initiate ftaaion 
nactions in the hydrogenous shell. F usion events in turn release enormous quantities of eneigy and very hi^ 
speed neutrons. The first hydrogen bomb was detonated by the United Slates in the spring of 1952. 

3. FisMOft-Fusion-Fiasion Device (also called superweapon) 

This device consists ot a hydrogen bomb surrounded by a casing of relatively inexpensive natural 
unminn. Fast neutrons from the fusion are capable of fissioning the uranium, and a nominal weapon of diis 
design may release the equivalent of 20-40 megatons(MT) of TNT. The first super bomb was detonated by the 
U.S. on March 1, 1954, in the Pacific Proving Grounds. Difficulties of delivery constitute eeaentially the only 
limitation upon the possible size of these weapons. 

b) RADIOACTIVITY PRODUCED AND DISPERSED BY NUCLEAR DETONATIONS 

Three types of radioactive material an produced and dispersed by nuclear detonations. These are: 
unfiasioned weapon materials, mixed fission products, and materials with induced activity. 
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1. Unfissioned Mitefiah 

For the earlier designs, detonation efTiciencies were less than 1%. This meaos that quantities of 

OOfissioned uranium and plutonium may He detected near the site of detonation. The extremely toxic radio-and 
chemical properties of these nutenals indicates that their ingestion and inhalation should be avoided. In general, 
however, mfiMkmed malerials will not appear in signifiauit aaiouiito beyond the cfiaianiOB at wfaldi btaat and 
ndiation effects are severe. 

2. Mixed Fission PrtKJucts 

Millions of curies of mixed fission products are produced for each kiloton of TNT blast equivalence 
of a nuclear device. The primary ti^siun fragments consist of about 60 various radionuclides and these 
«w«Bliialfy decay to fbnn aewwal hundred eeoondaiy fianon pradUds. This nuxtuie of fission products, as 
prodocad by a 20 kilolon weapon, decaye at • progreeeivdy dower rete wilh time as indical e d in TaUe I. 



TnbleF -Total Gaimnn Activity of Itehni IVoduds Wwn n 20>Kiiotoii Devke 

Time After Detonations Activity fMefacuries^ 



1 minute 820.000 

1 hour 6.000 

1 day 133 

1 week 13 

1 month 2.6 

1 yoar 0.11 

10 years 0.008 

100 years 0.0006 



One fission product of biological importance is ^tn )nlium-90. It has been estimated that all detonatiomt 
by the United States, the United Kingdom, and U.S.S.R. until the hMer part of 1958 produced iqpproximately 
7.000,000 curies of this radionuclide." 

3) Mnt^ BiHliiTirtiyitT 

The species and quantities of ndionuclides formed by neutron bombaidment depend largely upon the 
environment of the detonation site. Botfishnrt-and long-lived materials are fonned, ptimarily by (n, y) and (n, 

p) reaction!!, and their decay pattern is similar to that for fission products. Typical radionuclides formed in this 
manner during nuclear detonations are carbon- 14. sodium-24, silicon-31,aluminum-28, chlorine-38, and cobalt- 
60, zino^, m e ngan e e e 5 4, and i 



ft has been estimated that, tor air bursts. 2Q.00U curies of carbon- 14 are produced per megaton of 
yieM. Suriaoe detonations five only about one-half this amount of caibon-14 since not as much 
atmogpheric nitrogen is available fbr the reaction. The production reaction is ss follows:*'' 

tN** + on' - *C'* ,H' 

Excludinj? the 1960 nuclear h<inih (csN nt France, detonations to date have produced about 3,000,000 
curies of carbon- 14 which are now distributed in the stratosphere, troposphere, ocean, and terre.slrial biosphere. 
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It has beea estimated that there are 170 mc^acuries of cosmic ray-produced carboa-14 in the above 
DNatiaiMd nnivoin befoie bond) testiiig hegm. Total glolMd activity is probably slightly in exoen of 174 

During the I9S8 U.S. Pacific bomb tests, tungsten was iateotioaally incorporated into detonation 
devices so that radioactive tungsten-18S would be produced by an (o, y) feaclioo. This radioaiiclide has 
pravided valuable infiMmotioa on die late of &lloutaod has been a tool kt studying weather phaooineaa.'^ 

c) DETONATION FIREBALL AND THE PHYSICAL NATURE OP FALLOUT 

After a delay of a few milliooths of a second from the time of initial weapon detonation, a iuminous 
gaseous spheie, called a fiicball, is fonned in the extramdy hot atmosphere. Depending upon weapon design 
and size, the maximum size of the fireball may vary from 900 iset to over three miles in diameler. Lununaaity 
of the firelMdl usuaUy does not vaiy gieatly widi the eneigy equivaknoe of the bomb. 

Vaporized bomb materials, water droplets, and debris condense to form the 'atomic cloud" as Ifae 
fireball increases in size and cools. This cloud is red or reddish brown when first formed hecau<-e nf the heat 
catalyzed production of nitrogen dioxide, nitrous acid, and other nitrogen compounds from atmospheric gases 
and water vapor. Eventually the cloud changes to white due to the water droplets present m it. bsorfiKeor 
near surface, strong' upJraft called 'aftcrwinds*, sucks dirt and debris up from the ground into the radioactive 
cloud. As the upward thrust of debris slowly subsides, gravity begins to retrieve particulates to the earth's 
mubas. This cauaes a lengthening and widening of the columnar doud, and evenliially the debris di^ieraes 
widely doe to die jet atieam, meteorological oondiliana, and the continued inflnence of gravity. 

1. Types of Fallout Particles 
Fallout paitides mqr be grouped as follows: 
•) Ptated-tvpelbllout 

Vaporized bomb pioducts and induced activities which condense out as a thin shell coating on elevated 
particles of earth and debris form this type of fidknit. Much MIoat is of diis mrtore especially if die delonalian 
takes iriaoe at a rile relatively devoid of silicate sand. 

b) Fused-type fallout 

Bomb materials may undergo a thermal fusion with silicate to form minute melted, glassy "beads' 
which contain air bubbles and mineral grains, lliese may be transparent to opaque and pale green or yellow to 
brawn or black in color. Radioactivity is distributed ineguhuly duoughout these spherical or irregular forms. 

c) Dfoolet-tvpe fallout 

If a device is detonated near a body of water, large quantities of water may be vaporized in the liieiball. 

As the vapor condenses out of the cm>ling atomic cloud, fission products and earth debris may be suspended 
in water droplets and then fall back to earth as precipitation. 

2. Categoriea of Fallout 

Fallout litom neer auifoee burals may alao be cailQgoriaed aoooiding lo die elapsed time between the 
lime of detonation and complelB deaoent to eailh. 

a) First fallout - also called Local fiJIout 

About 80% of the radioactive particulates produced hy a surface detonation is dt-positwl within a few 
hours at a distance no further than a few hundred miles from the burst point. Particles which have a diameter 
of 340 naicnms, 2S0 microns, and ISO microns may All finom 80,000 feet inaboot 45 nunutes, 90 minutea and 
4 hours respectively.*^ It is the first fallout which constitutes the acute radiological hazard. Detonation <rf a 
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single superweapoa may contaminate an area of 5,000 square miles or greater to kthal levels for external beta 
and gamma Mpomw. 

b) Second Mfcrn t « alao called TrofKMpheric fallout 

gfadnlly bnx^ doiwa in a muter of one to two nontiis by oidinaiy weather jiiienoinen a . 

Tlieie tropospbehc particulates may travel completely around die worid in a shdl-UkB ftshion but they 
usually stsy in a nllier nsirow mdioactive band wtaidi has tiiB gsnsnl lidiudeof thedetonstioBsiie. 

c) Delayed fallout - also called Stratospheric falkHlt 

This type of fallouC is created h\ surface detonations of weapons of megaton size or greater which 
propel radioactive particulates of sub-nucroo diameters to heights of 16 miles or more. The estimated mean 
residence time of stra t os p heric ftUout is now estinMled to be 1 toiyem. 1958RnssisaboiiibtBslBintlieAictie 
rssultsd in a stiali^pheric lasideoce line of about one yew. 

d) DISTRIBimON OF STRATOSPHERIC FALLOUT 

Theories as to the mechanism of stratospheric fallout have been established bv Dr. Willard Libby and 
Dr. Lester Machla. The Libby theory proposed that there is a rapid stratospheric mixing with uniform leakage 
bade into the troposphere where fallout is deposited aecordii^ to meteorological patterns. Mesnwfaiie, Madila'a 
fidlout model has produced slow stratospheric mixing with unequal leakage hack from the stratosphere as a 
result of tropospberic-stralosphenc air mixing in the vicinity of the Jet streams. Available data on surface 
depositiaa iewds indicate that the Macfata |M«femitial stratoepherie bilout tfaeoty is the moso s tisf nct ot y 
explanalioB. 
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C RADIOACTIVITY IN THE ENVIRONMENT 
a) MctaboGaB of nfiatiim ia Man and Ananab 
INTRODUCTION 

Many radionuclides are produced by man's use of nuclear energy. Of these, only a limited number are 
inqwrtant sls sources ot internal radiation to the human body. These specific radiocontaminanLs can reach man 
by way of die fenestrial food dnin. Tliis diflcussioB has a two-fold iNnpoae; naoiely'l) to describe the 
characteristics that detLtmine the environmental significance of a radionuclide and 2) to present a detailed 
description of tbe food chain behavior of several of these radionuclides of environmental significance. 

CHARACTERlSnCS OF RADIONUCLIDES OF ENVIRONMENTAL HMFQRTANCE 

In order for a radionuclide to be a significant environmental contaminant it must possess certain 
characteristics. These characteristics must be such that they allow the nuclide to move from its point of origin, 
through the food chain, and still remain a possible health hazard to man In L-eneral the radionuclides of 
environmental significance arc those which are readily taken up by plants and animals that are used by man. 
They are ddier isotopes of elements important in metabolism or closely similar to them. For example, die 
alkali metal, cesium 137 is metabolically similar to potassium. It is readily absorbed and circulates freely 
throughout tbe body irradiating all tissues. The fission product iodine 131, an isotope of tbe essential element 
iodine, oonoenlraleB in the thyroid ghmd. Strontium 90 and ndium 226 ate alkaline eaidis like calcium and 
follow it to die bone. Carbon 14 and hydrogen 3, iaolopea of two very es.sential elements, are distributed 
throughout all living tissues. Because the metabolic prtKesses of all plants and animals are similar, 
radionuclides which concentrate in animal tissues are usually those which pass most readily through the food 

A. Specific Charactaristics 

The relati\e importance of individual ndioouclides depends On many factors. Among the most 
important Eutors, tbe foUuwmg can be cited: 

1. Ftoioa yidd and liair*lire 

Radionuclides with relatively high fission-yields and moderate to long half-lives will be tbe most 
important in food duuatiansferenoe. Soioe lednetioo or biological discrimination generally occurs at each step 

in the food chain, the radionuclitles produced in the greatest abundances will have the best opportunity lo ICach 
the human population in the greatest quantity. Of necessity, these radionuclides will have to have a sufficiently 
long half-lifo to survive through the food ^in in significant amounts. 

2. Rate of enti? and survival throiigh the food chain 

Only those radionuclides which enter the food chain at a significant rate and quantity will he of 
importance to man. These radionuclides must also possess characteristics that allow for their continued 
movement through the chain. For example, significant quantities of cesium 137 are rendered unavailable to 
plaati in nuoqr soils due to ea tiap meot in die latttce stracton of some days. 

3. Uptake-gastrointestinal absorption by man and animuls 

Radionuclides which undergo significan: j 1 1 intestinal absorption by man and animals are those of 
greatest concern in food chain transference. Tlicse ladioconuminants are also readily transferred to animal 
products such as milk and meat which are used as food by man. 

A, Amount dcposiled and retained in the critical oifan 

The most hazardous irradiation situation mults frooa fadioaiiclides diat are eoocentnted by essential 
oigaaaofdiehody to idativdy huge quaiititiee and an letauMd in these organs for long peri The 
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depowtion of slroatium 90, a bone-seeker of long biological half-live, is an exanyle of such a situation. 
5. Type and twrp «ff ndiatioa emitted 

The mgoitude of the hazard from radianuclide dcpositiuu in the body is dependent on the type and 
eneffyoftadiatioii. Fordiedepaflilimof tbesaineectivityofendioiiucUdetnagivn 
the type of radiation would be alpha>beti>giiiiini. The haztid fan the gnca emiMer would tho incseen 

with increasing energy of emission. 

B. Chancteristici Based on Fhyskal, Chemical, and Biological ftupeiUea 

An arbitrary separation of the above listed characteristics into physical and biodwaiical categories caa 
be made for dieciieeioii poipoees. 

1. Physical Properties 

The fission process gives rise to a mixlurc of raJinnuclides with a wide range of half-lives. Each of 
these nuchdes are produced in a certain proportion (abundance) which is dependent on the fissioning material 
aod die energy of fhe fienaning neutnuiB. The abundances of die various nuclides pioduoed have been finmd 
to be approximately the same for the different fissionable materials. Table 1 presents the nnat inpoflant finon 
products, based oo fissiaQ abundance aod balf-Ufe, which are of imnwidiatt^ oonoem in enviraonental 
contamination. 

Table I."* FISSION PRODUCTS IMPORTANT DUE TO ' 
FISSION ABUNDANCE AND HALF-LIFE* 

(Atom rieid>0.03 per cent; hair-life>lf h») 

Chemicai cfaaradcr bntppe IMob HriMife 







aiHnMtani»(%) 




Halogens 


"'I, '"I, '»! 


3.1. 6.3. 6.0 


8. Id, 22h, 6.7h 


Oxygenated anions 


i»re-«i 


4.0 


78h.2.4h 


Alkali metels 


•MC*.'"Ba 


6.2 


37y, 2.6ni 


Alkaline earths 


»Sr, *Sr-«Y 
'*Ba-'*U 


4.6, S.l 


5 Id. 26y. 61h 
12.8d. 40ti 


Raieeaidu 


"Y, «Zr-"Nb 
'*'Ce, '«Ce-'**Pr 
'«Pt, '«Nd, '«I»ra 


-- 6.3 
6.0. S.O 
2.9. 2.7 


57d. 65d, 35d 
33d. 290d. 17.5m 
13.7d. 11. 6d. 3.7y 


Noble metals 


'<»Rh, "*Ru-'«Rh 


3.4, 0.5 


40d, l.Oy. 30s 



Tission abundance values are apptoxiiDBlely the same for IP*, IP* and PuP 
Data lacking on abundance 



These nuclides are characterized by a high fission abundance and a moderate too long half-life when 
considering parent-daughter relations. Many of these radioisotopes can subsequeotly be eliminated from food 
chain coomlefBtian becwse 1) Ihey do not possess die aecesaa r y bio-dwaucal dutracleristics for effieieni 
transfer through the food chain and 2) the half-lives are not significantly long enough to present a long-term 
health hazard. The more important nuclides will be those which are formed in high abundances, with a 
moderate to long half-lives and which are isotopes of, or chemically similar to essential elements. 
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2. Biochonical properties 



The chemical and biological properties of the various radionuclides greatly affect tfadr abilify to move 
through the food chain. Table 2 pceeeoU the Assion-products of biological importance grouped according to 
Bmihr ^n B cd dMr w c t w l a ti ca, and dwwi Ifae i«lativ» vptake by tbe total body and critical organ from the 
gartrointiwlhial tnct. 

From Table 2 it is seen that tbe important fission products are those which comprise the rare earths, 
the zifoooium-aibbium isotofies, Ae noUe metals paiticularty nithenium and iliodiiim» the isotopes of iodine, 

the nOcali metal cesium and tlie alkaline earths, especially strontium and barium. Some indication of their 
rdative importance biuiugically can be seen by examining the fractional upLalie from the gut of these various 
groups of imtopea. It will be seen that aldiough the rare earths constitute an important group of fission 
products, they are of little concern in the food chain due to their limited ga-strointestinal absorption and 
coooentratioa in the critical organ by man and animals. A similar situation exists for the isotopes of zirconium, 
nksbiiimaad Uw noble metals. This leaves the alkaline earths, strontium and barium, the alkali metal cesium 
and the iodine isotopes as mieUdes of primary importance. Depending on the particular situation, these nuclides 
will assume a greater or le-sser degree of importance in the food chain. Additional biological factors which aid 
in accessing tbe potential health hazard from the particular nuclide include 1) the quantity deposited and the 
residence time of the nuclide in die critical origan, and 2) the essentiabiess or mdispensability of the critical 
organ to the organism. 

TaUe 2.^ FISSION-FRODUCTS OF BIOLOGICAL IMFORTANCr 



Chemical character 
Halogens 

Oxygenated anions 
Alkali metals 
Alkaline earths 

Rare earths 
NoUe metals 



Isotopes important on Gastrointestinal uptake 
account of abundance From G I tract to: 



& half-life body 
"«I. '"I, '»! 

'J=Te.'-'-l 

"Sr. "Sr-"Y 
'•Ba-'*U 

"Y, '*Zr-«Nb 
•«Cfe, '«Ce-'**Pr 
•«Pr, '«Nd, "T»m 



Total 
1.0 

0.25 

1.0 

0.3 
0.05 

10^ 

0.03 



Critical 
0.3 Thyroid 



0.4 

0.2 
0^04 



Miisde 

Bone 
Bone 



3x10 ' Bone, liver 



4x10^ Bone, liver 



Hsolope pairs are classed accordiog to the chemical and biological characteristics of the parent 



SRECmC RADIONUCLIDES 

The fission products which enter die environment from Mlout or from various nuclear facilities include 

more than ''O i.ulioactive nuclides. From the above discussion it is evident that all of these radionuclides are 
not equally harmful to the human population, intensive study of fission product behavior in the food chain has 
revealed tint strontium 89, strontium 90, barium 140, iodine 131 and cesium 137 ere die ndioMudides of nugor 
concern. Strontium 90 and cesium 137 are radionuclides of long physical half-life and are COMldered long tenn 
hazards. Strontium 89, barium 1 40 and i"dine 131 due to their shorter physical half-lives are only short term 
hazards. This discussion will deal primarily with the environmental behavior of strontium 90, iodine 131 and 
cediim 137. Odier ladiooiicUdes of coooem (e.g., barium 140, atraotittm 89, mdium 226, carbon 14, etc.) will 
only reoeive brief ocnsideration. 
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A. 



Fission-Product Alkaline Earth Metals 



The radionuclides of major importance in the alkaline earth series are strontium 89, strontium 90 and 
barium 140. Their half-litt.' charactl•^'^tics are tabulated in Table 3. Like calcium, these alkaline earth 
radionuclides are deposited m large amounts in the skeleton. All three radionuclides are produced in relatively 
faufe almiiilince during imcleM- fiwon (see TUbto 1) nd issniiie a fiviler or leaMr deigree of impoftaoe in 
food chain contamination depending on the time period considered after the contaminating event. Stnmthlin 89 
and strontium 90 behave the same chemically so that the food chain behavior of one applies to the ottw wdl. 

Hie nHun lemslrial patliwayi for ndio-stranliitm * atioaliaiii 89 and stranlium 90) are diown ia 
Figure 1. 

Hie relative importance of one padiway over that of another with respect to population body burdens 
does not only depend nn the particular isotope of radiostrontium but also on dietary characteristics of the 
particalar population such as the type and quantity of food ingested, geographical location, d^ree of food 
processing and economic status. 

As an example of the behavior of a particular radionuclide in the food chain, strontium 90's movement 
in the pathway atmosphere to soil to plant to animal to milk to man can be cited. As a given quantity of 
strontium 90 moves Ihrough this pathway, the varioos eovironmsntal oomponents, mehiding man, tend to 
discriminate or reduce the quanti^wbich is finally available for hone deposition in man. The strontium 90 is 
deposited on the soil and ettectively diluted with soil constituents before being assimilated by the plant. The 
grazing animal recoved the conlaminant duougb ingestion of variow vegeMiva ftaont and rsAiess Uie quantiQr 
of strontium 90 excreted into the milk by inherent discriminatoiy processes. The remaining strootittm 90 is then 
available for deposition to i 



The main terrestrial pathway far barium 140 is presented in Figure 2. Because of barium 140*s abort 

physical half-life (12.8 days) it is generally of les.ser importance as an environmental contanunant. Ils 
occurrence in environmental media indicates the presence of relatively fresh fission products. 



TaUe3. 



Charactcnstics of AlkaUne Earth Radionuclides'''** 

Half-lives 



Strontium 89 

Strontium 90 
Barium 140 



Physical 

51 days 
28 years 
13 days 



Biological 

50 years 
50 years 
65 days 



Etiective 

50 days 

18 years 
11 days 



Atmosphere 

Plants ^ Soil 
Man 

\ 

Milk 



Figure 1. Main Terrestrial Rstlnv^ys In dm Food Chain for Ra«lioRlrantiwB"> 



1 

Plants 



-» Milk -» Man 

2. Mafai Terrestrial Rsttiway in the Food Chahi for 



Chahi for Barium 
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Before discussing alkaline earth radionuclide behavior in the vanous food chain steps, a discussion of 
how tlwir myveaieiit is quiotitativiely tnetsund is needed in order to uaderstand overall food chain innsfiBniKe. 
Their movement in biological systems can be considered in terms of particular radionuclide itself or in tenoi 
of comparative movement with stable calcium. The choice of measurement and mode ot data expression is 
governed by the objective of the particular investigation. By far, the most widespread method of measuring 
alkaline eaith radionuclide behavior is to relate it to the behavior of stable calcium. This is particiilariy true 
for radio«rtrontium. The nif thod involve.s measuring strontium-calcium rations in the various samples (e.g. , soil, 
milk, diet, bone, etc.) and observing tiie resulting changes in these ratios at various st^ in the food chain. 
Comv.etal.'* have defined the tenn *0(]aerviBdRitio"(OK)todflKiibethBooinpaiativehehBviorofatiiaiit^^ 
caldum ntios (hat eatist at eqiiililmam between die precunor and the sample (Equation 1). 

sample/precursor » ffffi^ftlHIUlft (I) 

(Sr/Ca)pncusor 

The observed ratio has been used to describe the overall discrimination that occurs between two 
environnenlal media or a number of phynolotical p roces s e s (e.g., the discrimination that occurs wben ttie 

element pair passes from soil(precusor) lo the plant(san^le) or when the element pair passes from man's 
diet(precursor) to his booe(san]pie). It is actually a measure of the relative affinity of a environmental media 
or physiological process for stnmtinm or calcium. For example, if tbe strontium-calcium ratio in one individual 
hone is 2 picocuries of strontium 90 per gram of calcium and the strontium-calcium ratio in the diet is 8 
picocurics of strontium 90 per gram of calcium the observed ral!i> is 0.25 (i.e.. 2 pCi per gram/8 pCi per 
gram). This result suggests that a discrimination exists against strontium in favor of calcium in a ratio of 1:4 
in gnm from diet to the hone. For msny food chain transfer processes the OR has been found to be less than 
I, implying that in the^e processes discrimination in favor of the passiige of calcium OOCUffS. Reanansemeot 
of the observed ratio expression for the case of diet to bone yields the expression 

- % Strontium 90 rccention(b<xlv-diet^ (2) 
% Calcium reteotion (body-diet) 

In this form tbe OR is a measurement of the percent strontium 90 retention divided by tbe percent 
cakinm retention m going from the diet to body. 

In contrast to the OR which indicates overall discrimination by one or more processes, tt» 
Diserimiostion Factor (DF) describes the di.scrimination produced by one physiological process. For example, 
DF,tK>f,«iw designates the contribution of overall discrimination in the body that results from differential handling 
of the two elements by the absorptive process. Formulae have been developed to determine the DF's for the 
most impoftanl physiological discriminatory processes (gastrointestinat absoiptioo, renal excretion, placental 
transfer and mammary secretion) in a fediioo similar to diose for obsarvad ratios. 

The jslslionshy between the OR and DF is 

OR = (DF,) (DFi) (DF,)....(DFJ (3) 

Thus the OR is the product of the total number of discrimination fecton operative. When a single 
physiological process is involved tbe OR and DF are identical. 

The validity and use of observed ratios in describing ndioslrontium behavior in the food chain depends 

on many factors. Several of tlu -r i!evrr\ e hrief mention at this time for an initial understanding of the problem. 
At tbe domestic animal and human level of the food cham, it is well documented that calcium metabolism is 
under homeostatic control."'^ This means that variations in dietary calcium within normal physiological limits 
does not alter the con.stance of the calcium levels in blood, milk and the total body. In contrast to calcium 
bdiBvior. strontium metabolism is not under homeostatic control (not regulated by the normal amoimts of stable 
strontiimi) but rather appears to be regulated by the calcium level or perhaps the total alkaline earth level. Thus 
under oonnal dietary conditions the calcium level ot the various body tluids and the total body content are 
relatively constant \>.hcrca- the stable strontium level appears to be regul.ited by one or more of the dietary 
levels ot strontium, calcium or total alkaline earth. Whether just one of the.se factors or all three are responsible 
is not known. An important generalintion from the above is that within normal dietary ranges the stable 
strontium to calcium ratio and the strontium 90 to calcium ratio in th.' hi >Jy tis.sues or fluids will be directly 
related to the ratios that exista in the diet. This bad led to the development of quantitative expressions such as 
the CM and for these ratios. 

Tbe practical application of OR values depend upon their constancy. It has been shown that the 
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discriminatioa oocurring between food diatn compooenU can chaagfi as an interrelated iunctioa of ajie, diet, 
and time.*'^'*'"''' However, the OR values appeur to be reasonably oonslant under norma] dietary eonditinna 

and aie ccmsisteat enough to be used for prediction purposes. This is especially helpful in the case of predicting 
strontium 90 bone deposition in the population since widespread dietary and skeletal butdcn information is 
limited. This is probably the greatest advantage of the OK concept • the ability to predict radiostrontium 
movemeat and ooneentntioo in food chain media that are difficult and/or eoononucally inftaslUe to 
quantitatively assay. The use of OR is also facilitated by flie fact that many aspects of calcium mctah<ilism are 
v^ell known. Of course the assumptions and limilitioM inlieient in the use of the OR concept for prediction 
purposes should always be kept in mind. A few eomnptes will aiaimiB llie pradictioa valne of litis ooDcepC. 

The OR concept may be used to integrate samples for an estimate of total Sr*/Ca ratio intake. The 
Sr*'/Ca ratio intake of the dairy cow can be estimated by calculation from milk values. By dividing the Sr^/Ca 
latio in milk by 0.1 (a typical value for OR milk, diet for diedaiiy cow) would give an eetimala of tfie Si"/Ca 
ratio of the cow's diet (St/Csl,^,,- StICh^JOR). This estimation of dietary intake is surely simpler and in 
many cases would be more accurate than measuring total intake directly or summing up the strontium 90 and 
calcium onmributioiis from feed and water. The use of the OR concept in this case assttmes a constant OR 
value for a diet wfaich is considered typical. These assumptions appear quite well founded.'^ On the other 
hand, the prediction assumes that the cou 's calcium intake is uniformly latieled with strontium 90, that the 
animal is in equilibrium with his diet aiid iliat the strunlium 90 and calcium in the milk comes primarily from 
that of the diet. These conditions may or may not be operative depending on the particular ciicufflsbmoe8>*^'^ 

A second use ot the OR concept is the prediction of human bone burdens of strontium 90. The most 
disBct qjproach to the problem would be to establish letentiou curves. Tbeo«etically, net leteotion of strontium 
90 in bone is expected to have a high iiiUial VStoe governed by the absorptive mechanism and then fall to zero 
as the individual approaches equilibrium conditions with the intake. Studies such as indicated in Figure 3 have 
shown that the net retention of stable strontium in man is zero at steady state. 

ft is difficult to estimate body burdens since the retention of strontium 90 is primarily a function of time 
of dietaiy intake. It is also a function of dietary history, nutrition, age, and history ot past intake of strontium 
90. To use tfiis approach retention curves for varying condition of age, dietary hlstoiy and nutrition would have 
to be determined, snd if such curves were available it would then be necessary to determine integrated life-time 
values of retention. Thus a specific value for strontium 90 has little meaning unless it can be related to the 
above factors and some unit of bone. Returning now to the OR for bone burden predictions, the stiontiimi 90 
to calcium ndo in Ae bone can be estimated by using the OR^h^MM for ^ human and an estimate of the 
dietary strontium 90 to calcium ratio. The OR,.,„j,,, for the human has been estimated from animal stable 
stroDtium-calcium ratios and tracer studies. Dietary surveys have been used in estimating the strontium 90 and 
eakium intake. Once an estimate of the strontium 90 per gram of calcium has been established for the bone, 
the strontium 90 content of the skeleton can be determined from the total calcium, a value which is relatively 
well known. Of course a prediction of this type has a number of limitations which should be borne in niuul. 
Especially in the ease where the estimated bone burdens are going to be used in subsequent dose cnlc ulati oos. 
The OR calculation here assumes a skeleton formed entirely from a diet of a given strontium 90 to calcium ratio 
which is in equilibrium with the bone. With reference to the adult human population and the length of time 
strontium 90 has been in the environment, this is not the case since strontium 90 has not been present long 
enough to ooifonnly label the adult skdeton or attain equilibrium conditions. The use of the OR calculation 
for the adult population then will most probabl\ rcptesc^nt the maximum local concentration in areas of newly 
forming or exchangeable bone at equilibrium conditions. On the other hand, children who have been exposed 
to a rdatively constant dietary strontium 90 to calcium latio will have dceletons that tat more tmiformly labeled 
than those of adults. They would also be expected to closer to true equilibrium conditions. However, as > 
result of other problems such as determining children's intake, a lesser degree of discrimination in the very 
young, strontium 90 contribution from the mother dunng the fetal period, etc., predictions of children's bone 
burdens will perhaps only be of a little greater accuracy than those for adults. 

Another isotope pair has been considered in describing strontium 90 movement in the food chain - the 
specific activity of strontium 90 (i.e. , the ratio of strontium 90 to stable strontium). It has been shown tfiat the 
strontium 90 to stable strontium ratio of the diet will he identical to the strontium 90 to stable strontium ratio 
of the tissue (bone) that has been formed from that diet (for man).'^ Thus the OR conct4)t could be used for 
these ratios in a manner similar to that for strontium 90 and calcium. However, a strontium 90 to stable 
strontium value for bone is not easily related to the total amount of atTOOtium 90 in the total skeleton because 
the stable strontium content of bone is variable. The stable strontium content of bone depends on the stable 
Strontium and calcium intake - a result of the lack ot strontium homeostasis. Thus, even if the strontium 90 
to stable strantiam ratio of the diet is known, a vahie of strontium 90 or stable strontium per unit of bone or 
caldum it required to obtain the amount reluned in bone. Because data on stable strontium intake and bone 
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cooteot is limited, and both of these parameters can be quite vanable, the strontium 90 to stable strontium ratio 
pravideB Utde infonutian thit is useful for prediction purposes on the amount of stnmtimn 90 ntaiaed ia bone. 

There are several general conclusions that can be drawn from the foregoing discussion on measurement 
of radiostrontium in the food chain. The OR concept appears to be the most satisfactory method at pre^at to 
pfedlet overall ladioetroatium movement in the food chain, especially on a long tenn behavioral baaia related 
to hone deposition in the human population. Other methods such as strontium W to stable strontium ratios and 
absolute concentration values (e.g., pCi/1, etc.), suffer from the disadvantages of liimted baseline data or the 
fact diat they give information only on one point in time. Comparison of human body buidens predicted from 
the OR concept to those measured from limited dietary and associated bone analysis compare reasonable well.'"* 
In general the measured bone levels are somewhat lower than those predicted from the OR concept. It appears 
dtat radiostrontium behavior in the food chain should be reported both in terms of strontium-calcium ratios and 
in abflolule values so that maximum use of the data can be obtained. 

1. Behavior in soils and plants 

Strontium 90 may enter the fiK>d chain through absorption by plant roots or direct contamination by 
aerial deposition on above ground plant structures. The contaminated plants may be consumed by man direcdy 
or indirectly tfirough his use of animal products (Figure 1 ). Strontium 89 and barium 140 are only tmnfemd 
up die ffxxl chain insignificant quantities by initial aerial deposition on above groiwd plant parts (sliortbalf-tivea 
restrict soil absorption). With respect to strontium W, it is important to distinguish between root uptake and 
aerial deposition smce the amount absorbed from the soil depends on the cumulative deposit, while the extent 
of direct oontemination depends on die quanlily of recent dqwaitioo. This section will deal primarily widi 
stnotiom 90 behavior nnoe diis radionadidB represents die most hazaidous food chain situation. 

a) Strontiimi 90 absorption from the soil. 

Field experiments indicate that, depending on the soil type, the strontium 90 to calcium ratio is likely 
to be m the range of 1-10 pCi of strontium 90 per gram of calcium if 1 millicurie of strontium 90 per square 
Idlomeler is present in the aoil."^ The amount taken up by craps each year ranfes firom 0.2 to 3 per cent of 
that in die soil; die exact quanti^ beiag dependent on a number of soil diatacteristics.^'^ 

The most important foctor determining the extent of strontium 90 uptake by plants is the quantity of 
labile' calcium present in the soil. The plant uptake of strontium 90 is greatest in soils of low calcium content. 
Addition of lime to these soils will generally reduce the strontium 90 uptake, but usually not by nx>re than a 
factor of 3. When soils contain qiumtities of calcium that result in optimal plant growth addition of more lime 
has little or no effect. Soil characteristics other than calcium content usually have comparable effects on 
strontium and calcium absorption; thus little ditlercnce in their ratio is reaiizt-d in the plant. The addition of 
organic matter and fertilizers m large quantities has varying and complex cticcts. However, when these 

materials are appKeJ in the uaual a g ricalt M ral <|uantities little effect is obtained. Although various plant species 

show a wide variation in their ability to absorb Strontium 90, it IS well documented that this duncteristic is 
correlated with the ability to absorb calcium. 

Additional factors which affect the absorption of strontium and calcium from the soil are the clay and 
humus content, the pH, the concentration of electrolytes other than calcium and the moisture content. In 
general, it is possible to predict how certain characteristics of the soil influence the uptake of strontium 90. 
However, it is not possible to give all the details on strontium 90 uptake fifom a particufar soil or field without 
extensive knowledge of all factors which influence its behavior. For example, light sandy soils will allow 
Strontium 90 to penetrate to a deeper extent than in heavier clay soils. However, a relatively greater part of 
the roots will be in contact widi strontimn 90 in the sandy soils due to its deeper penetration. On die odier 
hand, the strontium will also be diluted with more calcium because of the greater depth of penetration. In this 
case, these two mechanisms are working in opposition. In general, light soils (sandy soils m the temperate and 
latoaoi Qppe of soil in the tropics) are poor in calcium. The strontium-calcium ratio in diese soils will thus be 
higher than diat of heavy soils (day soils in the temperate regions and margalites in the tropics). 

Another area of strontium 90 behavior that has received considerable investigation is that of movement 
in the soil. Downward movement in undisturbed soils is slow and even after several yean SO per cent or more 

of the added strontium 90 may be in the upper 5 centimeters of the soil.*'^ The rate of downward movement 
depends on the soil type, clay and humus content, electrolyte concentration and degree of water penetration. 
The exact nature of the movement is unknown but it is bdieved that movement with water and sdf diffosioa 

"Labile calcium » calcium present in soil solution + echangeable calcium present to replenish the soil solution 
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may be involved. In ugncultural practices, cultivation of the soil causes the strontium 90 to become more 
uoiformly distnbuted in the ploughed layer. Depth of cultivation combined with the rooting characteristics of 
the crop (deep veiaiia dtillow) is of priniBiy iHipOftanoe in detenniniog the degiee of strontium 90 intake. For 

exansple, ploughing to a depth of 20 to 30 centimeters has resulted in a reduction of strontium 00 uptake hy a 
factor of 3 when compared to surface application tor shallow rooted crops such as rye, grass or kale. For 
mofe deeply rooted crops die efleet is sinsller. 

Considerable iovesti^tioo has been given to the possibility that with the passage of time strontium 90 
nay become fixed in die soil in a less soluble form sod be lees ivdUUe for phot Uf»A». Some investigeton 
iMve found no evidence of fixation while others report a small quantity of fixed strontium 90 over a period ci 

three or more years."' It is possible that this effect varies considerably from one soil to the next. However, 
present evidence mdicates that fixation of strontium 90 by soils is unlikely to reduce its availability to plants 
to aiqraignificant extent over a period of several years. 

Results fiom water culture studies indicate that the Observed Ratio (plant shoot/solutioo) is close to 1 
(Table 4).«*» 

This value is generally applicable to plants crowing in soil when the strontium is unit> irnil\ di'-tribnted 
or when ditfcrcnccs in root depths are compensated for. Different strontium to calcium raUo-s have been 
obaeived m difleient tissues of die plant and this indicates a differential movement of the two ions. When the 

two elements entt-r the [ilant through the- roots, the resultini.' ratio in tlie aerial organs most distant from the root 
is in general lower than the average in the plant. The ratio of strontium 90 to calcium in the vegetative tissues 
ii often about half of diat in the roots and twice that in grain and seeds. Steou may have considerable higher 
ratios than other plairt structure. The most detailed study of the differential nwvement of the tWO ions between 
tissues has been that of whole grain. The ratio in whe^t t1our (seed portion of grain) has been reported to be 
0.7 of that in the whole grain.*"' These plant dusennunatory processes have little effect on the strontium 90 to 
adchmi ratio in inan's diet Most human dietaiy calcium in the WeHam HemiqdHte oomea difscfly or 
indirectly from milk via leaf tissue which has a strontium 90 to calclimi ratio similar to diet of the rooting 
medium. 

Different values have been reported for the OR (plant shoot/soil), but this variation can be attributed 
to the difficulties in estimating the availability of strontium 90 and calcium to the plant from the different soils. 
Because of the non-uniform distribution and the difficulties of determining the availability of the two ions in 
soil that are actually avaibdtle for plant absorption, the strontium 90 to calcium ratio in die plant prediction ftom 

the OR concept is probably not a true reflection of what is available from the soil. Also, the lack of steady state 
conditions in the soil will normally limit the use of the ORi,,,^Mt for prediction purposes on a wide basis. 

b) Dinct conlMnlnalioii of plants by strontium 90 

In contrast to soil absorption where only strontium 90 is of significance, all three important alkaline 
earth radionuclides, strontium t9, strontium 90 and barium 140, may be transiiBned to the burarn popiibrtoB 

through direct ilt-poviimn on vegetative forms. Direct ct>ntamination can be divided into two categories: 1) 
superficial contamination lu which the radioactive material adheres to the crop surface, and 2) direct inside 
contannnation which resute from absoiption through the leaves, flowers and stems with subsequent movement 
to otlit-r plant paits. Suficrficial contamination is of major importance where fo<id and animal feed are consumed 
fresh. In the case of human consumption a relatively large portion of this contamination can be washed off, 
however, domestic animals will be presented with the total deposit for food chain transfiMeooe. Direct inside 
contamination is dependent on the transport characteristics of the alkaline earth elements. For several of the ' 
elements, little is known about these characteristics. For calcium it is known that the transpiration* stream is 
the prime mover. Strontium 89 and strontium 90 are expected to behave u> a similar manner. This theory has 
been confinnod by field and Ubontory expefimenla im Aat the atraoiiimi 90 that enters thmqih the roots is 
distributed to the aerial plant parts by the transpiration stream, but that which is deposited <ni the aerial 
structures is only slightly distributed to other tissues. In direct contamination the calcium content of the plant 
is another major fodor in affocting the resultant Sr/Ca ratio since the entering aerial strontium 90 does not have 
the benefit of dilution with soil constituents. The plant calcium content, is somewhat dependent on the plant 
species. In general, the calcium content of the monocotyledons (plants containing one seed leaf in embryonic 
stage) is lower than that of dicotyledons (plants containing two seed leaves in embryonic stage). Most of our 
v^etables are dicotyledons of vdatively high calcium content. Clover and weeds (animal feed) are diooQrledooa 
while the real grasses are monocotyledons. 

'One of die primary mechanisms causing die rise of water in plants (loss of water from plants) 



Copyrighted malsrial 



18 



Table 4. Strontium-Calcium Observed Ratios in Absorption by Plants'^ 



Species Method GR^.^...^ 

Barley "Sr. ^ -1 

Tea Species "Sr, ^ 0.7-1.3 

Tomato Stable Sr.Ca ~1 

Five Species "Sr^StsUeCa 1.1 

Wheat "Sr. Stable a 1.0 

Pea In aaod cnltim 0.9 



Direct contamination has also been subdivided according to the organs of the plant contaminated. Tfaus, 
there is floral, foliar and planl-basc contamination by radiostrontium. Floral deposition is of major importance 
with crops such as wheal and giuin which are able to entrap considerable quantities of radiostrontium (also 
oesium 137) in Aeir infloraacences. This entnpmeat results in a higher contamination of the giain thsn otbsr 
plant structures. Other crops such as com and beans do not exhibit this charsctBristic ^ffsnifft dieir flownrillg 
parts are covered with sheaths which prevent floral contamination. 

Foliar deposition is most significant for vegetables and grasses, llie amount of radiostrontium retained 
on vejielation by this mechanism depends on the extent and duration of ramfall, and the extend and structure 
of the aerial plant parts. Hxpcnincntal studies indicate that about one-ijuartcr of the deposit that comes down 
in fain may initialiy lodfe on the vegetstion of permanent pastuies consumed by cattle."^ Leaf sbaorption is 
slow and the materia! is readily lost in rain. Plant-base contamination is significant in the ca.sc of perennial 
pastures which are able to absorb radiostrontium essentially all year long. Radiostrontium on stems and leaves 
can be wadied down to the base of plants yrbion it will be tsken up by stems snd surfiwe roots without benefit 
of soil dilution. RadiostrontiomuptdB in this manner lesolts in tnnqwrt to aU plant parts via the tnmapiiation 
stream. 

2. MelabolianinilniMslicfannammab 

Since ammal products are quite important la the human diet, the role of domestic animals m the food 
chain must be studied in detail. Again the alkaline earth fission-products metabolism is similar to tfiat of 
calcium, a mineral element of major importance in animal metabolism. Environmental surwys have indicated 
diat this group is transferred most rapidly to man through the pathways atmosphere-plants-animals-milk-man 
and atmasphere-plants-man. One pathway may assuoie a greater or lesser degree of importance depending on 
the kind and quantity of food compnsmg the diet and the fission-product and calcium content of the fcxxis of 
the diet. Numeroiu studies have shown that the alkaline earth radionuclides are secreted into the milk of 
domestic farm animals in significant quantities. Since this food item is the major component of the diet of 
young children (considered to be the most sensitive population group), and is cottaimed relatively soon after 
contamination, it has been the f(HxJ most often analyzed for an indication of any environmental contamination. 
Thua, many studies have centered on the mechanisms and quantities of alkaline earth radionuclides secreted into 
the milk of animals diat are used by die human popuUtion. Other major areas of study include the tissue 
distribution of this group of elements in farm animals subjected to acute and chronic ingestion, determination 
of metabolic discriminatory processes using the OR and DF concept, and determining the effect of various 
dietary modifications on alkaline earth behavior in the animal and its products. 

a) Tissue dislributioa of the alkaline earth radionuclides 

T^ intdce modes are of major iniport a noe for the alkaline earth radionuclides. First, a single or 'one 

shot" intake of the radionuclides. This has application to the environmental contamination situation in which the 
ammais are allowed to graze on a contaminated pasture for a few hours and then placed on uncontanunated feed. 
A typical distribution of an oral dose of several alkaline earth ladionuclides is shown in Table 5.*"* 

The distributioas are contrasted to calcium 45 as a reference, i he values of Table S should be 
oonsidered as retedve ordets of magnitude invdved and are somewhat dependent on both the experimental 
method employed and tht- time of experimentation. In genstal, the same results are obtained when the 
radionuclides are ingested as iiuxed fission-products, separate radioisotopes or mcorporated mto plant and grain 
materials with physical mixing. The data of Table 5 indicate that more radiostrontiom than barium is secreted 
into the milk of the cow. This results fitom greater discrimination by the cow against barium 140 in contrast 
to radiostrontium. Fecal excretion is seen to be the nujor route of elimination for both barium 140 and 
radiostrontium. After a single administration of radiostrontium, the levels in milk will steadily rise imtil a peak 
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occurs at about 30 hours. For the next 5 days the levels decrease with an effective half-life of 30 to 40 hours. 
Barium 140 bduvior is aiiiular with an effective half-life of about 45 hours. 



lUilcS. I)istrilMilioBor*^»'**Sratfid'*CaialheCowaiidG<»t<><» 



Material 


Cow 






Goat 








"•"Sr 


**Ca 


•*-Sr 


«Ca 


Urine' 


1.0 


1.5 


1.5 


2.4 


2.1 


Feces' 


98 


95 


78 


93 


77 


Milk' 


0.08-0.6 


0.9 


9.0 


0.6 


5.3 


Milk" 


0.01 


0.1 


0.9 


1.6 


9.9 



'Values expressed as percent of dose summed over a 7 day period 
"Values expressed as pereant daily dose/liler afkr eqoilflxiyni 



The second intake mode of inlere&l is that ot a constant intake over an extended period of time. When 
oows are subjecled Id duanie iogeatioo of ladioalfointiuni dw 

element is approximately the same as for the value for a single Jose manned over a seven day periixl (the 
values of Table S). Therefore the values in Table S can be considered as dtOy excretions after equilibrium has 
been reached. Milk values readi a plateau in about six days indicating dm die animal is in near equilibrium 

Vkrith the diet. If contaminated feeding is continued with no further addition of radiostrontium aod barium 140 

to the feed, the radiostrontium and harium 140 levels will decrease with efftxtive half-Ii\ cs corresponding to 
the physical half-lives of the isotopes. The total amount of radiostrontium .secrcteJ into the milk ranges from 

0.5 to 2 petcenl of the daily inbdw.^** This is « fefleetion of vwialioo in milk yields since die quantity of 
tadiostrontium secieCed per Uter is idaiively constant at about 0.1 peroent of the daily intake. 

The distribution of die radiostrantiiun in the goet is also shown in Table 5. The distribution is similsr 

to the cow except that a much greater amount of calcium and radiostrontium are secreted in the milk of the goat. 
This is a result of the fact that the goat secfotes a much larger quantity of the dietary calcium aod ladiostrontittm 

into each liter of milk. 

b) DdeniiimtfionofORnMlDFDutns 

Observed Ratios and Discrimination ftctors have been established for a number of metabolic prooesKS 
in domestic animals. Experimental studies in this area have determined the major metabolic processes which 
are active in discrimination against alkaline earth radionuclides. Extrapolation of these data along with limited 
studies on die human population have yielded valuable information on the behsivior of these csdiomiclides in 
man. Triite 6 praaents selected observed mtiossnddiscrimmBtoiybctoradiathsve been detenninedlb^ 
and man. 

The OR's and DF*s of Tdile 6 have been calculated from die use of radioisotopes of barium, 

^wnfttjum, and calcium; strontium 90 and stable calcium. Discrimination factors have yielded important 
infbrmatioa on the physiological mechamsms that are important in the differential movemeat of the alkaline 
earth nuUoouclides. The more significant physiological processes that aid in the body's discriminating against 
straotium ii^ fiivor of calcium are: I) absorption from gastrointeetiml tract. 2) urinary excretion. 3) transfer 
across the plancenta .inJ 4) secretion into milk (Table 6). The processes that involve physiological handling 
and active transport across biological membranes are thought to be the most important. 
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Table 6. Selected OR and DF Values^ ^ 



Material 


Cow 




Goat 


Rat 


Mao 




Ba/Ca 


Sr/Ca 


Sr/Ca 


Sr/Ca 


Sr/Ca 


OR(bone/aiet) 




n.2U 


0.20 


0.28 


0.25 


OR(iiulk/aiet) 


o.os 


0.11 


0.12 




0.10 


OR(leiuwiiKraier s diiet) 








0.17 


0.13 


OR(felus/niother) 






— 


0.65 


0.6 


OR(pla.sina/diet) 




0.18 


0.29 






OR(urine/diet) 


2.8 


1.6 


1.5 


3.0 


0.6 


OR(fece8/diet) 


1.4 


1.3 


1.2 






DF(absorptive) 


0.12 


0.24 


0.24 


0.5 


0.70 


DF(uriiMiy) 


0.70 


0.80 


0.60 


0.80 


0.70 


DF(F«cal) 


0.76 


0.98 








DFOactkmal mUk) 


0.70 


0.64 


0.61 







The observ ed ratios of major practical importance for predictian purposes are those for (bone/diet), 
(milk/diet) and (fetas/mother's diet). Laboratory studies and dietary surveys of strontium 90 to calcium ratios 
in diets and bones have indicated that the OR (bone/diel) is close to 0.25 (ranges 0.17 - 0.54) for adult 
—mmala (iiiBhiiKng famiaB) wUdi an ob aoraiii diets."* Hiis is the vahie hbmI nvist ofteo fbr pradictkm of 
bone levels and implies that there is a four-fdld reduction in the strontium 90 to calcium ratio in yoing from 
diet to bone. For adults this strontium 90 to calcium ratio represents the maximum concentration at the sites 
of active booe fonnatjon or exchange at steady-stale conditioas. Calciilatioii of OR (bone/diet) values for adidls 
firom fallout data is not possible becau.se of the short time strontium 90 has been in the environment widi respect 
to the period during yftuch the bones of adults have been formed. 

c) Chnmie CRponnw ovtr long periods 

There are two practical chronic exposure situations with respect to inlalce of dietary radiostrontium 
(espedany for long-lived strontiinn 90). The first stlnation applies to adnlts who have had a relatively short 

exposure time to environmentally deposited strontium 90 relative to the length of time that their bones have been 
formed. The second situation applies to children who have had a life-time exposure to environmentally 
deposited strontiom 90. 

For an adult exposed to dietary .struntiuin 90, approxintatcly 20 pt^iceiU uf the ingested radionuclide 
may initially be deposited in the skeleton. As ingestion continues the net retention decreases to zero as the 
skelrton beeomea labeled under constant intake. Those initially exposed as adults, most probably, do not teach 
dus steady-state condition during their litVtimc. The amount of Strontium 90 retained depends on the past 
history of the individual m relation to this dietary intake. 

To explain strontium 90 behavior in children requires consideration of the growth and turnover of the 
skeleton with reiqpect to calcium and strontium. These concepts are briefly summarized ui the following 
panignqihs.^ * 

1. The infant child is bom with approximately 30 grams of calcium in ttu limJ\ nul a strontium 
concentration of about 200 micrograms per gram of calcium. At this tune the intant ha.s an urgent need for 
phosphate for its soft tissnes and if die dietary phoephate is not adequale, as in the case of breast feediqg, 
calcium and strontium phosphates are utilized from the skelton. A constant bodily calcium IflwU IS maintained 
but a negative strontium balance (excretion > intake) may lesult. 

2. The newborn's kidneys are able to discriminate between strontium and calcium; however, the 
int^tinal mucosa's discriminatory ability may not be as great as that of the adult. Therefore, at this age the 
infant's discriminatory processes favoring retention of calcium and discharge of strontium are less than in later 
life. However, Uiis lesser ability to discriminate betMveen the two ions at this age is partially offset by the lower 
initial strontium 90 to calcium ratio of the fetus due to the discrimination of the mother's plancenta, and if the 
child is breast fed the strontium 90 to calcium ratio of his intake is appreciably less than that ot older age 
groups. 

3. During the growth m infancy there is a fast accretion of mineral into the skeleton, a threefold 
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inciease in the first year of life. There is probably a complete lemodeliog of the bones. The exact amount of 
mineia] reused and replaced with dietary source is not known. Values firom 30 to 100 percent hawv been 

predicted for the first and second years of life. This high turnover rate results in an equilibration of bone 

minL-ral with dietarj' sources and iL-aJs lo a relatively uniform distribution of strontium 90 in the skeleton. The 
cunccnlratiun of strontium and slrunimm 90 in terms uf calcium will be approximately one half of that of the 
diel(«ti«» 1). 

4. As the infiuit grows the rate of accretion and turnover of existing bone decreases. Attbesame 
tins tfisdiKiuiinalion against stniDtinmufiv^ By«t»7tteilGelelal 
BWIB has inrwm«rt by less dian threefold since age 1 . The strontium concentratiaii in lofiiis of dkhiin is ilKMt 
tfw sunn as in infrncy and the stiontium 90 conoentfatian is less than in infanqr. 

5. From age 7 oowanl acquisition of new bone rises again bat turnover appean to be minimal. 

llius. at around puberty growth appears to be a matter of adding on new mineral to existing bone. At about 
this time the stable strontium intake of Uw child approaches the adult value. Also, at this time the relative 
distribution of absoibed calcium and stnmthim between bone and excieta alters markedly with these absorbed 
nunacala being shunted more to excreta and less to bone. Up to this time, strontium 90 in bone has been related 
to the proportion of the total life span which has been spent in the contaminated surroundiugs. There has been 
a continued decrease of strontium 90 concentration m bone with age. 

6. On attaining aJuIt life acquisition of hone mineral ceases hut a certain amount of maintenance 
or leplacemeot contixiues. The adult healthy individual is in equilibrium with his nuneral intake; that is 
absorption of calcitnn and strontium just balances excretian. In old age, and in casea of demineralizing diseases, 
there may be a net loss of minerals. The above concepts ha\ e lieen derived from plamed aatpe rim enia in dm 

laboratory or from survey data acquired from monitoring' strontium 90. These experiments and surveys have 
aided much la the understanding of the dynamics of mineral metabolism; however, the full picture is far from 
completB. 

B. Radioiudine 

In nuclear fission a number of radioisotopes of iodine are formed. Among the most prominent are 
iodine 131. half-life 8.1 days; iodine 132, half-life 2.2 hours; and iodine 133, half-life 21 hours. In fresh 
fission-products, the shorter-Iived radioiodine isotopes will initially make the nnajor exposure contribution 
because of their greater abundance. However, in older fission-products (on the order of a few days), the 
shorter-lived iodine isotopes will have decayed, and iodine 131 will be the radionuclide of major concern. 
Thus, the study of the environmental behavior of radioiodine has been concentrated on iodine 131 which has 
a relatively long balf-lifis conqnied with the other iodine isotopes. 

The major pathways of iodine 131 in the food chain are illustrated in Figure 3. 

Atmosphere -* Plants Animals •* Milk-* Man 
F|gve3. MaiiiTcrralriall^tliwaysiA the Food Chaia for 

Because of the relatively short half-life of iodine 131, the soil pathway is not important. Since iodine 
131 is only of major COOOem for relatively short periods of time following the deposition of fresh fission- 
products, it is only necessary to consiilc-r dietary foods which reach man shortly after contamination. Milk is 
the primary example of such a food. Experimental studies and dietary surveys have indicated that milk is the 
only food product-diat cootributee a significant amouBt of iodine 131 to the humm diet. Thus the most 
important pathway for iodine 131 is atiiiosphcre-piants-aniOMls^lk-man. It is po.ssihie that the pathway 
atinosphere-plants-man could result in ingestion of sigmficant amounts of iodine 1 3 1 from unwashed fiuits and 
vegetaUes that have been exposed to suffoce contsminatiop. However, exposiue by this lovle would moat 
probaMy be only significant on a hical or uidividual basis. 

The quantity of iodine 131 reaching the population is dependent on the extent of deposition on the 
plants that Isctatiog animals consume. This deposition may vary gieady doe to the diflbcnoe m die plania and 
the extent to which deposited iodine 131 is removed from the plants by weathering. Discriminator)' processes 
of the grazing animal tend to reduce the final quantity of iodine 131 that reaches the population. The amount 
of diacriminatioo by the aoimsl may be quite variable and is a fonction of many foctors (feeding practice, season 
of the year, type of intake, etc.) 
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1. Behavior in wils and plants 

As mentioneJ previously, absoq)tion of iodine 131 from the soil is for all practical purposes 
unimportant since it will disappear through raJioactive ck%ay before it can We taken up hy plant ukAs and 
transmitted to man. lodme 131 reaches the soil as an anion. Since anions are practically non-ad.surbed by soils 
iBpid loss of iodine 1 3 1 from aoils would be predicted. However, a lalh^ high letention (60 lo tO pflfcent) 
of iodine 131 in soils has been reported by some researchers."*' This dist rriiarK y may be due to the difficulty 
of extrapolating the resultji obtained with high concentrations to circumstances where low concentrations 
occur."* Move study is needed in diis area. Ffom the viewpoint of find chain pathways, it will usually only 
be necessary to consider foliar absorption on plants. The pathway of floral absorption will be of little 
importance because of the usual delay between the harvesting of the crop and its coosumption. Since man's 
intadce of iodine 13 1 is primarily firom milk, the most in^mrtant question from a practical standpoint is the extent 
to wfaidi iodine 131 is retained oo vcfetatiaa consumed by catde. 

Due Id many factofs, among which are die manner of pasture management, physical and chemical stale 

of iodine 131 and the different nature of the grazing animals, it is difficult to make many generali/iitions which 
are broadly applicable to this question. However, laboratory and field studies on the deposition characteristics 
of iodine 131 on vegetation indicate that 1) the rate of deposition of iodine 131 is quite variable as a result of 
differences in the physical state of the radionuclide, 2) deposited iodine 131 exhibits a chemical state that is not 
Well underst(K>d: however, it is known that it is difficult to wash off a major fraction of the radioiodinc, 3) once 
deposited ludine 131 will be readily transported to other plant structures, and 4) during precipitation iodine 131 
will be deposited at a much faster rate dun in dry weather, but rain also washes the plant and most pixibably 
remov es some unknown amount of the radionuclide (there have been no systematic studies in this area). '^'* Care 
should be exercised in applying information gained m investigations at one atoiiuc installation of that of another. 
For esample, it is not known how applicable findings at the Hanfotd Atomic Works, a senu^arid i^gion, would 
be to a grassland area of the Midwest or Northeast 

2. Metabolism in domestic funn animals 

Since milk is the major source of lodme 13 1 to the population, the secretion of this radionuclide into 
the milk ut lactatmg animals has received major study. Other areas that have received considerable attention 
are dw distributioa of iodine 131 in animal tissues and secretion, and the fectors that modify iodine 131 
metabolism. 

a) Secretion of iodine 131 into milk 

Twi> L'xperimental approaches have conmionly been used to study the secretion ot raJioiodme into milk. 
A single oral administration of radioiodine has been used to simulate the environmental situation of short 
exposure to die grazing animal such as might occur idler a brief escape of radiowdine firom a rsador. Hw 
second approach consists of orally administrating radioicxline over long p<-riod8 0f time to simulate the situation 
where the feed is contanunated, and it is impossible or impractical to provide uncootaminated feed. The 
Uborstory approadi is believed not to diflisr significandy from that where rsdioiodine is contained in fidloul. 

b) Distribution of iodine 131 in animal tissues and excretions 

Table 8 presents typical dau on the levels of iodine 131 found in die milk, urine, feces and thyroid 
gland of die oofw and goat following single dose and chronic administration. 

The values are rough averages and the ranges are given in parenthesis. The variability is observed to 

be hiuh and niiiy be the result of biological differences between the individual animals and the scnsiti\ ity of 
iodine metabolism to the many variables operating. The most important values for food chain transference 
purposes are the milk concentrations. Typical values for the cow are 8 percent of a single dose in the total milk 
after seven days and iqiproximately 1 percent of the daily dose per liter. The milk concentration variability, 
especially for the goat, is in part a result of the different levels of milk production. This is especially true for 
the goat. In estimating iodine 131 intake trom nulk, allowance must be made for the lesser absolute intake of 
iodine 131 by the goat. That is, produced on the same pasture, the concentration of iodme 131 in goat's milk 
would be 5 to 10 times that in cow's milk; however, the cow would most likely have a higher absolute quantity 
of iodine 131 in nulk due to greater intake and milk production. Greater than 90 percent of the iodine 131 
occurring in goat and cow's milk has been shown to be in the iodide form. 

Another metabolic area of interest is the tissue distribution of iodine 13 1 as a function of time and type 
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of intake. Typical data are pieaented in Table 9. 

The important observation of Table 9 is the large difference between thyroid and other tissues. The 
(JifforenLe is the result of the method of i(xJine 131 administration rather than the species. Tissue lewis such 
as those ot Table 9 could possibly be used to predict the tissue iodine 131 content of meat-producing animals 
under tfansieol or loog-tami oontamination conditions. 

c) FkIocs modifying iodine 131 metabulian 

Several investigators have reported a MMoml diffisirence in the ability of the cow to seciete iodine 131 

into milk The nxaunitude of the difference and the mechanism operating' are not known. It is probably 
an important physiological mechanism, and more work in this area is needed to deternune the controlling 
nieclianiflm(>)< ForpiAlielMdlhiMifposei, thisinfiirniationiavefy fan|KM^^ 

much iodine 131 is secreted into the milk. Along the same line of investigation, there is little evidence to 
illustrate a relationship between milk production and efficiency of secretion of ingested iodine 131 into milk. 
However, the total amount of iodine 131 secreted into milk appears to be a function of the amount produced 
with the quantity secreted per liter being relatively insensitive to changes in milk pioductioin. 

Another area uf radioiodine metabolism that has received considerable attention is that of adding various 
chemical compounds to the animal's diet in order to reduce the seeretioa of iodine 131 into milk. At the same 

time, the resulting reJitetion in thyroid burden of the animal has aNo been observed in hope of obtaining same 
indication of ioduie behavior in the human population. Table 10 illustrates the effect of various chemicals on 
the naoimt of iodine 131 secreted mio milk. 

It is noted that the eows receiving' no chemicals have an ability to concentrate iodines from blood 
plasma mto milk. Little is known about the mechanism on how this is aooomplished. With respect to this 
conoentmting mechsnism, the cow shows little diility when compared to the human being, dog, cat or guinea 

pig. Milk-plasma ratios in the cow range from about 1-4 while the other speeies mentioned have ratios of 20- 
30. The addition of chemicals is observed to reduce the nutk-plasnia ratio and the percent of the daily dose 
secreted per liter of milk for all cases (Table 10). However the reduction of die percent of iodme 131 secreted 
into the milk is not as much as would be predicted from the milk-plasma ratios. This is becaiise the chemicals 
increase the plasma level of iodine 131 as well as reduce the milk coocentrstioa. 

Tables.*** St^i-retioas of Iodine I. II into the Milk, Urine, 
Feces and Thyroid uf the Cow and Goat 



Bercent of single do 


seof™r 


Cow 


Goal 


In Milk' 




8( 4-20) 


40(6-54) 


In Urine' 




50(30-75) 


33(8-52) 


In Fetes" 




20(13-50) 


15(2-20) 


In Thyroid 




10( 5-30) 


30(2-50) 


Feiccnt of duly ing 


ested*"I 


Cow 


Goat 


Per liter of milk 




1(0.5-2.7) 


65(22-150) 


In Duly Urine 




(35-50) 


(10-50) 


In Daily Fecaa 




(20-40) 


(10-30) 


In Thyroid 




(30-270) 


(90-500) 



"Dose refers to total intake activity 

"AH excretion values are cumulative totals over a 7 day period. 



Copyrighted material 



24 



Table 9."* Tinue 



Tissue 



Cow 



131 in the Cow and Sheep 

SIttwp 



Single dose of 
as percentage of 
doee/Kg 



Continuous doee 
of 

as pefceolese of 
daily doee/kg 



Thyroid 


450 


30.000 


Muscle 


0.Q2 




Heart 




2 


Liver 


0.03 


8 


Kidney 


0.05 


6 


Lung 


0.05 


4 


hncieas 


0.04 


3 


Blood 


0.07 


3 



^■'Sacrificed after 7 days 



^Sacrificed after sleady-siaie conditions 



T^blelO.*** Effect of Various Chemicals on the GoMcnlratioa 
of lodhie 131 hi Cow*s Milk 

Chemical Amount *"! ill milk as "'1 milk/plasma 

g/day percoitage of daily ndio 

doseA 

0 2.3 1.40 

Nal 10 0.7 0.27 

0 0.5 2.09 

NaSCN 10 0.2 0.66 

0 1.5 2.6 

KCIO4 10 0.4 0.32 



TaUe ll.<^ Rdalioa oT Daily Intake of Stable lodfaie 
to Stable lodfaw Milk Concentration 

Daily intake of Iodine level in milk 

iodine by cow (mg) (ong/l) 

1.6 0.028 

20 0.27 

2.000 19 

4.000 25 
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Table 12.<^> Relative Biological AvailabiUty of "'I to Individuals 



Age 


Thyroid 


%uptake 


%uptake/g 


Fnsh milk 


(%'**l/g thyroid) 




wt.. c 


in UuToid 


of (bnvid 




n XaStaa milk/day) 


FETUS 












12 wk 




0 


0 




0 


12-15 






0.1-1 


1 


0.1-1 


15-32 






1-5 


1 


1-5 


PERSON 












0-6 mo. 


2 


30 


15 


0-0.5 


0-7.5 


6-12 mo. 


2 


30 


IS 


0.5 


7.5 


1-2 yr. 


2-5 


30 


12 


0.5 


6 


2-5 yr. 


3^ 


30 


10-6 


0.5 


5-3 


5-10 yr. 


5-10 


30 


6-3 


a? 


4-2 


10-15 yr 


10-15 


30 


3-2 


0.7 


2-1 


15-20 yr. 


15-20 


30 


2-1.5 


0.6 


1 


20-30 yr. 


20 


30 


1.5 


0.3 


0.4 


Above 30 


20 


30 


1.5 


0.2 


0.3 



Another interatbg sidelight of teeding cheouGds tolheMW ii lhatlhedieailieah niqrbe Hcrele^ iaio 
die iodine metabolism of the cooaumer. The data of TaUe 1 1 iUvstnte the daily mtate and nnlkoonoenliation^ 
of stflUe iodine for the daily oow. 

Anuming that man consumes about 0.2 mg of iodine a day, it is BpfmreiA that sa|>pteaienting die cow's 
diet could significantly raise the iodine intake of individuals consiiminL' milk. This metabolic hehavior could 
have significant meaniog (other factors being considered) in terms of public health action with respect to 
Ayroidal deposition of iodine 131. 

3. Metabolism in man 

a) General behavior 

Like ladioaclivc strontium, nulioiodioe is a potential hazard to man since it is concentrated in 
aignificant quantities by the thyroid gland. The thyroid is a small, essential endocrine gland located m the nedc 
and has a particular noed for iodine. The gland synthesis iodine containing hormones which regulate the overall 
metabolism of the body. It ranges in weight from less than a gram at birth to about 25 grams in a 25 year old 
adult, remaining constant thereafter. As with all metabolic processes, very specific conditions must be dePmed 
m Older to describe thyroid behavior smce so many parameters take part in the process. 

Iodine (inorganic iodide) is e&scntially 100 percent absorbed from the gastromtcstinal tract. The thyroid 
ghmd traps from 10-50 percent of the absorbed amount, and oxidiies inorganic iodide lo ebmealal ioduie. The 
iodine may then be incorporated into the thyroid protein thyroglobulin. Enzymatic breakdown of thyroglobulin 
with subsequent reactions produce thyroxine and iodoihyroxine.s. the active thyroid hormones. The hormones 
are se c reted from the thyroid, circulated io the blood stream and are finally broken down. The free iodine may 
be rstnpped or exereled. Excretion is mainly through the urinary route. 

b) Biological availability 

From a practical viewpoint, a relative factor expressing the biological significance of iodine HI to the 
general population from food chain contamination can be expre.s.sed as (%'''l uptake per gram of thyroid) X 
(fresh milk consumed)**. TaUe 12 presents several pertinent panuneters from predicting die biological 
availabili^ of iodine 131 in relation to thyroid burden. 

It should be pointed out diat the data of Table 12 are quite variable and single values are only used for 
illustrative ponmsss. Very Ulde data are available for the uptake and thyroid weights of die frtus and young 

ace groups. Limited studies on adults have shown that the uptitke value may be somewhat less than that 
presently recommended (30 percent). The important point of Table 12 is that due to the combmed effects of 
thyroid wet|^ and milk intdcs the 0 to 2 year age group woidd be expectad to have the highest iodine 131 
exposure. The other groups would pro g r es si vely kwer exposures by ftctors of 10 - 20 at the ends of die age 
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range. 

^ Dielaiy supploncnlilioii 

Frum the standpoint of possible practical application there is considerable interest in the effects of stable 
iodine and thyroid extracts on iodine 131 uptake. It is believed that the quantity of iodine retained by the 
thyroid frtim day to day is almost the same and is a function of the percentage of the total iodine intake which 
goes to the gland. '"' Sudden changes in stable iodine intake have little effect on changing the percent iodine 
uptake by die thyroid; however, chronic changes in intake causes die thyroid to adapt by large changes in the 
percent of absorbed iodine going to the thyroid. Studies have shown reduction of 75 percent or more of the 
iodine 1 3 1 accumulation in the thyroid with increased levels of stable dietary iodine.^' Administration of thyroid 
extract has also been shown to have a similar effect. 

C. Radiocesiuni 

The myor temstrial pathways of cesium 137 are shown in Figure 4. 

Atmosphere 
« 

Plants 
I 

Animals -* Milk -* Man 
i 

Animal Products -» Man 
figure 4. M^for Terrestrial Pathways in the Food Chain for Radiocesiuni'" 

In contrast to strontium 90* cesium 137 does not readily follow the soil step. TUs nuclide is fixed in 

forms Iari.'ely unavailable to plants as a result of entrapment in the lattice str\iotiire of ct rlain clays. Plant 
contamination, therefore, occurs primarily by direct deposition. Since cesium 137 is capable of concentrating 
in soft tissues (e.g., muscle), the step firom animal to animal products (other than dairy products) assumes 
importance for this radionuclide. A long-term genetic dose is thus possible from ingestion of foods 
contaminated with cesium 137. Since a significant quantity of cesium 137 is excreted into animal milk, the 
padiway atmosphere-plants-animals-milk-man is most important for diets containing average amounts of milk. 
In gennral, the biological significance of cesium 137 is somewhat less than Aat of strontium 90 because of its 
flkorter efibctive half-life in the body. 

Cesium 137 behavior in the (bod chsin and concentration in various media is frequently expressed in 

terms of cesium-potassium ratios in a fashion analogous t i that used for strontium and calcium. However, while 
strontium and calcium are closely interrelated in their food chain movement and can be used with relatively 
good degree of accuracy for prediction purposes, this is apparently not true for the cesium-potassium pair. 
Studies investigating the OR relationship at various levels in the fixKl chain indicate that the various OR values 
change markedly imder different conditions.*'^' It appears that all of the weaknesses of the strontium-calcium 
ratio an magnified in the cesium-potassium pair. However, due to usage, the cesium I B7 contents of diets and 
"^liwl* including man are often expressed as picocuries of cesium 137 per gram of potassium. This expression 
of concentration has some merit over thai of other methods (e.g.. picocurics per kilograms of body weight) 
since it correlates better with lean body mass, and hence organ dose, than does mure conventional uniLs. The 
concentration ratio may be approxinntely converted to other usefol units since the potassium content of the body 
and many fo<xlstuffs are relatively constant and well known. The ratio concentration also lends to minimise 
differences due to age and sex when these population characteristics are not known from the measured group. 
Use of picocuries of cesium 137 per gram of potassium in this fashion implies no consideration of the similarity 
of the metabolism of cesittm 137 and potassium. 

1. Bdiavior in soils uiid plants 

The heha\ ior of cesium 137 in -^i.'ils and plants has not been studied to the cxlcnt of that of strontium 
90. It is interesting to contnLst the behavior of strontium 90 and cesium 137 since they are the major 
radionuclides of ooncem in evaluating long term environmental contamination. Where possible, this is the 
approach used in the following discussion. 
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a) Fbint absorption and soil movement of cesiun 137 

The uplike of oenuin 137 htm aoil has been studied in laboratory experiments and to a lesser degiae 

in field experiments These may he used for the basis of predictinj; field K-havior. Cesium 137 has been 
^own to be less absorbed by plants than strontium 90. The relative amounts absorbed bcmjj dependent on the 

Mil type. Short-tenn experimeats indicate that cesium 137 firom aoils of the tempeiale regioos iiswdly enter 

phmts to about OOft-tenth the extent of strontium 90.'"' With the passage of time, on the order of sevetal 
yean,tfaie value may deciease to ooe-tweoty-fifth of that of strontium 90. However, differences have been 
obsBcved with other soil types. For example, tropical soils containing little clay minerals have shown greater 
plant uptake of cesium 137. The marked differences in the plant uptake of strontium 90 and cesium 137 from 
temperate soils is a result of fixation of cesium 137 by the soil in forms inaccessible to plants. The fixation 
appears to mvolve the entrapment of cesium 137 in the lattice structures of clay minerals. Once fixed, cesiiui 
is replaced (rom soil only to a small extent by divalent ions, Imwever, addition of stable cesimn, ammooium, 
or potassium reduces the amount uf fixation. Addition of stable carrier cesium can increase plant uptake of 
cesium 137. Addition of stable potassium may decrease plant absorption of cesium 137 when the soil is low 
b available potassium. When available potassium is high no affect may be observed. 

A typical study illustrating the comparative downward movement of cesiimi 137 and strontiiui 90 in 
several luidisturbed soils is shown in Table 13. 

It should be noted thai the data of Table 13 are only valid in undisturbed soils since agricultural land 
which has been plowed and harrowed will have a top layer with a more homogeneous distribution of the 
ladioaadides. A* a fandt <tf strong binding (fixatioa) the downward movement of cesium 137 is consideiably 
leas diaa strontium 90 for the clay and sandy soils. 

b) Direct contamination of plants by cesium 137 

Cesium, like potassium, is readily absorbed and disirihulvd throughout plant tissue. Studies performed 
to detemune the metabolic mtcraction of cesium and potassium m plants are hampered by the appearance of 
toxic effects at relatively high ratios of cesium to potassium. However, studies investigating the OR 
(plant/solution) relationship have shov^n that the OR may be increased by a factor of 2-10 as the soil solution 
potassium concentration is increased.''^ This behavior points out the difficulty in trying tO UIO the Cesiumr 
potassium ratio to describe the dittercnlial behavior uf the two ions. 

Cesium 137 may enter plants directly by foliar, floral or p!:int-base absorption. It is retained on plant 
foliage in a manner similar to that of strontium and is readily removed by ram. Like strontium 90, the relative 
rate of entry of oesium 137 into die pint tissues is not knmm. Once deposited on foliage, die cesium 137 is 
distributed throughout the plant. This is in contrast to radioslrontium which undergoes little distribution wMnn 
the plant. For example, approximately 30 percent of the deposited cesium 137 00 the foliage of potatoes BMy 
reach the tubers as compared with less than 1 percent of strontium 89.*'^ 

The extent to which cesium 137 enters plans from direct contamination as opposed to absorption from 
the soil has received considerable attention. Since large quantities of cesium 1 37 are fixed in various soils, plant 
levds would be expected to be closely related to the rate of deposition. In general, dus Idea is borne out 
(dietary surveys); however, in some regions the cesium 137 has not decreased in the expected manner widl 
decreasing rates of deposition. Two possible explanations have been proposed for this observation."^ First, 
cesium 137 undergoing plant-base absorption may be held available at the base of the plant for absorption for 
longer periods than currenUy anttcipatad. This may be particularly tnie Ibr die raot-oHls of permanent paalwaa. 
Secondly, the slow rate of fixation m.iy render additional quantifies of the total soil reservoir of cesium 137 
available for root absorption. More study in this area is needed before the relationships between the level of 
caeittn 137 in pimte. die cvmulative soil deposit and die nls of depoeidon are folly unde w tood. 

2. Metabolism in dumestic farm animals 

Like radiostrontiiim, barium 140, and iodine 131. milk is the major pathway by which cesium 137 
enters the human population. Although cesium 137 may be found in most tissues of the body, the soft tissue 
IS generally considered the critical organ. The major area of study in cesium 137 animal metabolism has been 
die transfer ofdw radionuclide to milk. However, foroesium 137 this area has received less attention than for 
radiostrontium. Other metabolic characteristics which have received consideration are the qualitative and 
quantitative tissue distribution after single and chronic exposures, and the effect of dietary modificatioos on 
cesium 137 uptake. 
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TfeMe O."* ConiMnlive Downward MoTamat of Ccshim UT 
and Stnntium 90 in Sevcnl Undisbriied Soib 





Clay Sou 


Sandy SoU 


Calcareous soil** 


Dqith(cm} 


pH4.6 




pH6.6 




pH7.6 






"Sr 




"Sr 




"Sr 




0-2.5 


50 


98 


63 


98 


37 


43 


2.5-5.0 


20 


2 


22 


2 


24 


21 


5.0-7.5 


15 


0 


13 


0 


19 


15 


7.5-10.0 


12 


0 


2 


0 


16 


16 


10.0-12.5 


3 


0 


0 


0 


3 


4 


12.5-15.0 


0 


0 


0 


0 


1 


1 



'PerceoUge in each zone after 20 months experimental study 
""Caldttai cariMMMie oontaiBiqg 



ni Secretion into milk of cesium 137 

Studies have shown that aKout 10 percent of a single «ra! dose of cesium 137 will be secreted in the 
milk of the dairy cow u a 7 day collection period.'"' Daily adnunistration of cesium 137 for long periods (30 
days) rasnlts to about 10 peicent of the daily doae being secreted into Ae milk. However, die animals of die 
particular study had not quite reached equilibrium with their intake. The amount of cesium 137 aecieted per 
liter averages about 1.4 percent of the daily administration. These data ftom a typical study are preaeoted in 
Table 14. 

Table 14."** Distribution of Radiucesium after Oral Admiaistralion 
to Dairy Cows and Goats 



Material 


Cow 


Goat 


Mitk (% daily dose) 


13 


7.0 


MUk(% daUy dose/I) 


1.4 


9.4 


Urine <% daily dose) 


30 


40 


Feces (% daily dose) 


55 


40 



The relative order of distribution of the dose is the important concept of Table 14. It is noted that fecal 
excretion is mote in the cow than in the goat. Also, a greater amount of cesium is recovered per liter of goat's 
milk. This is similar to the situation for radiostrontium and radioiodine. Radiocesium is excreted into the cow's 
milk by a factor of 10 greater than for radiostrontium. This is probably due to the greater gastrointestinal 
absorption of cesium than strontium. Body burdens of about 4 tu 5 times the daily intake tor the cow and goats, 
respectively, baive been obeerved from ebrooie admimslratioa. Biological half-lives for the cow and goat have 
K en estimated to he 20, and 2 to 3 days, respectively. Addition of stable cesium to the cow's diet has been 
reported as having Uttle effect on the distribution of cesium 137 in the milk, urine, or feces. 

b) TinnedfalribiilinaorcMiaml37 

The tissue distribution of a single dose of radiocesium to sheep and beef cattle has been observed to 
beaiaaOar. 

Table 15 presenu a typical 7 day tiasue distribution of cesium 137 on several domestic animals after 
a single oral dose. 

The concentrations of cesium 137 in the varioua tissues is seen to be of the same order of magmtude. 
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kidney, showing the highest concentration. Since cesium 137 is a long half-life radionuclide, its tissue 
distribution after chronic ingestion is more applicable to long term enviromneatal contamination. The data of 
TaUe 16 Aow die tissue distribotioii of cenum 137 in ttie goat as • result of diroiiic fieediog. 

The various tissues show a reasonably similar quantity of radioactivity. The kidney appears somewhat 
hi^ wliik tfie Imun is ndier low. Com|MriMB wiihTabfe IS iiidicalwlto<ittw^pe^ 
would be expected to have tissue distributioD on die oider of megaitiide of that of die goat wheo eat p oae d to 
duonic intake. 

Table 16 also presents several calculated observed ratios for the ceaiiun-potassiani pair in the tissues 
of the gnat. In this particular study a OR value of 1 .3 indicates that the goat preferentially secretes radiocesium 
into the milk. A sinuiar value (1.6) has been reported for the dairy cow. For the organs aod tissues of Table 
16 with Hi obseived ratio greater dian one (liver, long, kidney, and mammary ghmd), a concentration of ceaitun 

137 with respect to the diet is implied. This suggests that cosium does not follow potassium metabolisms in 
the manner and closeness that strontium follows calcium metabolism. Further investigation of cesium-potassium 
metabolism is needed before any definite conclusions can be stated. For example, limited studies in rats indicate 
thataninelddincrBaaBindietafypotaasiumeauaaBatwofoMfeductioainGaaium 137 nnade rataotioo. (TMt 
17). 

Hie OR(nnncle/diet) is observed to vary as a function of potassium oonlent of the diet; • ainefiDld 
bcrease in diet carrying a fivefold increase in the (ffi<nMlscle/'diet). This is in direct oontnst to die predicted 
behavior of the OR(boae/diet) for strontium. 



Table 15.*"* Rudioccsimn in the Tissues nf Farm AmmUs 
after an Orid Duse* (percentiiges) 



Tissne 


Cow 




Hf 


Blood 


2.8 


4.7 


6.0 


Plasma 


1.3 


2.6 


1.0 


Muscle 


30 


41 


23 


Liver 


26 


24 


21 


Kidney 


45 


74 


26 


Fennir Chalk 


0.5 


7.6 


5.2 



Data are expressed as percentage of dose x lO'/g, corrected to 500 pounds body weight 



Table 16." Equilibrium Distribution of Radiocesium 
in the Tissues of the Goa^ 



Tissue Cs'" as percentage Cs/K Observed 

of daily doee/kg Ratio (tissue/diet) 

Muscle 4.6 0.6 

Brain 0.5 0.3 

Uver 8.4 1.4 

Lung 7.3 LI 

Kidney 17.0 3.7 

Mammaiy Gland 7.1 1.4 
Blood O.S 0.6 

Milk 5.6 1.3 



'!25 days of feeding 



3. Melabolinniiiniaii 

Cesium 137 is absorbed from the gastrointestinal tract of man virtually completely and primarily 
distributed to the soft tissues of the body. There has been some evidence that significant quantities of cesium 
137 are concentnted in bone; howavar, leanlts at prsaent are quite variable and further iavestigatioa is needed 

Copyrighted material 



30 



before any definite concliu>ioni> can be drawn. Gssium 137 like potassium has a relatively short biological half- 
life in mia and eqnUibriuin with (he intake is estibltshed catlMr rapidly, regaidless of age. 

At least two exponential processes (2 compartment model) can be recognized in the elimination of 
cesium 137 from man following the administration of a single dose.*"' A small fraction (10 to IS percent) is 
excreted with a biological half-life of 1 to 1.5 days. The remainder is eliniinaled at a naich slower rate with 
considerable variation between individuals and biological half-lives. Values as low as 50 to 60 days and as high 
as ISO to 160 days have been reported for the biological half-life. Measurements on apparently oonnal 
individnali with vdiole body counting tedwiquea have yiel^ Potasaimn, on the 

other hand, baa a much more lapid body turnover which iqipareody deiienda hogely on die dietary rnlake. 
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The biological half-life of cesium 137 in different species sppears to be rehted to body size - bemg 
rapid in small animals like the mouse and rat, and longer in large individuals such as man. Ruminants (e.g., 
cattle) form an exception to the rule. They have a rather rapid biological half-life when compared to similar 
sized animals. The level of dietary potassium appears to have little effect on the removal of cesium 137 from 
die hunm body. An iocnase of dietaiy potaaahun causes only a tnmaitoiy incieasB in the urinaiy exaction 
of cesium 137, and it shortly rehuns to its former rste. 
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D. Oth er RadiooucUdes 

Sevenl additiaml nMfioniiclides wAich are dtlier mu-made or nalufil cooatitiMals of die lermtrial 
wviroonwiilal dttuw bnsf coimdBiahfiii. 

1. fiaBum and adiTation products 

Radionuclides produced in the fission process, other than those of the alkali and alkaline earth groups, 
will generally be of minor importance because they are short-lived and pass through terrestrial food chams to 
only a soaall eatleat None of dieae ndioaudtdea are abaorbed by nun in any appreciable amoont. 

In addition to the fission products, a wide variety of induced activities may result firom the activation 
of material snrrounding die fiaaiao laadloa or IhRM^ die rdeaae of affluent fioaa readon. Radioaiuclidea 

originating from these situations include iaotopes of utm, sodium, manganeae, mafneainn, phoaphorus, cobalt 

and zinc. None of these radioisotopes enter the terrestrial fcxxl chain to any extent approaching that of the 
contaminants already described. However, several ot these radionuclides (e.g., phosphorus 32 and zmc 65) 
oooceotnte in aquatic forms and nay roach man through the aquatic food duin. 

Carbon 14 (half-life 3560 years), both natural and man-made, is produced from atmospheric nitrogen. 
Its tutural production is the result of cosmic ray interaction*, man-made carbon 14 is pnxhiced fitMD inienctifMi 
of neutrons, with nitrogen. Past atmospheric weapons testing (up until 19S9) has increased the natural occurring 
carbon 14 level in the troposphere of the Norther Hemisphere by about 30 percent."" Carbon 14 readily enters 
the biological carbon cycle and contributes to the whole body population dose. Tritium (hydrogen 3, halt-life 
12.5 years) lilte cafbon 14 is both naturally occurring and nuui-niade. Natural production is again by oosmic 
ray interaction; man-made production occurs by activation of atmospheric nitrogen by neutrons coming primarily 
from weapons testing. Tritium can also be reactor-produced by neutron activation of deuterium (heavy water) 
moderalor and lidiium hydroxide, a coolant additive. Natural tridum levda have been modified by atmospheric 
nudear weapaoa tests, especially by high yield fiision devicea. Aa expected bodi caibon 14 and hydrogen 3 are 
readily incotporated into all media of the food chain. 

2. Natural radioMliTity 

There are a number of naturally occurring radionuclides in the biosphere. They enter and are 
transferred through the food chain to varying extents. A major portion of the work vntb natural occurring 
radionuclides has been undertaken in order to establish base-line levels in the environment. Such levels have 
been used for comparison in asseesiug Uie degree of contamination of the eaviroameot with artificial 
radioactivi^. 

The most important naturally occurring radionuclides belong to the uranium, thorium and actinium 
series. The actinium series is the least abundant of the three. These natural series are composed of a number 
of die heavier elements of varying half-lives which exhibit extremely complex decay schemes. Studies of dm 
truster of diese radionuclides to man via the food chain involves measuring the activity levels in plants which 
are consunoed directly by man, and plants such as grasses which form the principal food of animals which in 
turn become the pnncipal food of man. Dietary surveys indicate that there is a wide range of natural activities 
in vegetation and diere appean to be no simple correlation widi die activitiea foand in die sofl which have a 
much smaller range. Also, there is not much inftirmation available concerning the discrimination factors for 
soil-food and man-food processes. It appears that the nuyority of these radionuclides are absorbed by plants 
and animals only to a very small extent when compared to the most pertinent artificial radioiaotopes. Little 
quantitative dale are available on absorption phenomena. The greatest attention haa been paid to radium since 
this element appears to be the principal one absorbed by plants. However, dietary surveys have indicated that 
the occurrence of this cicmcat in the majority of fouUs is well bcluw tlmt uf nuui-made strontium 90. 

The following naturally occurring radionuclides are present in a singular form in the environment: 
rubidium, lantfaanium, samarium and ruthenium. Little infonaatioa is available on plant and animal absoiption 
of these natural radionuclides. They are Icnown to be present in the enviroameiit at oonsiderabte lower 

concentrations than the most abundant naturally occurring radioisotope, potaHiUm40. tjonaideration of several 
of their characteristics such as their chemical nature, the behavior of their man-made counterparts and their 
essentialness to plants would tend to indicate that these radionuclides axe little absorbed by plants. 

SUMMARY 

In order to detennine dw envinmmenlal significanoe to man of a particular artificial ladioouclide nm 
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cbanclenstics of the environment and man must be considered. Such characteristics mclude the fission-yieid 
«Dd faalMife of die radiaauelide, fbe rate of entry and survival of the coutamiiuuit through die lermtrial fiwd 
diaui, the rate and quantity of upUke ot the radioisotopt; by terrestriil SMdb (plants, animals, mm, elc), the 
amount of the contaminant depKisitcd and retained in ihc i rilKal organ of man. and the type and energy of the 
radiation emitted by the radioLsutupc. Additional physical and biu-<:hemical charactcnstics ot the radionuclide 
ouat be oontidered and ralated to liie contiMMiit'e behavior in individual tenestrial food ehaui oMdia. From 
the above considerations, strontium 90 and cesium 137 arc the most hazardous lonL'-term contaminants that ciin 
wdily reach man through the terrestrial food cham. Strontium 89, banum 14U and uxlme 13 1 are also potential 
internal baawds to man; however, as a rendt of dieir aboiter physical balMivee diey are moct significaat as 
lelattvely riioft-tenn c on ta m i n a n ts. 

Much work has shown that the roost important terrestrial pathway in the food chain for these 
ndionuclides is annoepbere-pbut-^nimal-aiik-inan. In most cases diis is die pathway by which dieae 

radionuclides reach man the quickest and in greatest quantity. Other pathways in the food cbsin fluy aSSUme 
significant importance as oontnbuturs, depending on the particular situation. 

The remaining fission products, activation prixlucts and naturally occurring radionuclides that are found 
in the terrestrial environment are of lesser hazard to man as a result of their limited movement in the food 
chain. However, depending on special circumstances some of these radionuclides may assume a greater 
impoftanoB dian nofaoaUy expectedj* 
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b) Radionudidei in the Food Chain 
INTRCMHJCTION 

The use of nuclear energy by man involves the prcxluction of artiHcial radionuclides which present a 
potential public health problein with regard to the coatamiaatioo of the terrestrial food chain. The release of 
these radionuclides ha.s not intnxiuced t(^ our environmeot a new pollutant but rather has increased an old 
pollutant in terms or radiation exposure. The problem then is a matter of evaluating the extent of man-made 
iidioMtivity in flie environment and its robocqucnt health significance. 

At present fallout from past nuclear weapons tests is the most widespread source of artificial 
radionuclide contamination to the terrestrial environmeat. With limited nuclear testing other sources such as, 
nuclear reactor opemtioas, nuclear fuel reprocessing, waste disposal and medical and industrial uses of 
ladioisolopes will be leoeiving more emphasis as significant souraes of environmental contamination. 

Thisfliecussion is primarily conoenied with the qualitative behavior and tnnsfer of idmoaplieric releases 

of BUU-msde ladionuclides thmu^'h the food chain and their deposition in the human population. Where 
apfdicsUn reference is made to the behavior of the more important naturally occurring radionuclides of the 
uranium, thorium and actfauum series along with the singularly occurring ndioouelides. 

THE FOOD CHAIN 

Hm pathways which ndionudides follow in moving from their origin to mao constitute the food chain. 

Radioactive mslerials are removed ftom the atmosphere by meteorological processes, primarily 
precipitation. In genenl, die most serious food chain contamination [uohlem arises from direct deposition of 

radioactive materials on animal feed crops or on food crops directly consumed by man. Following this initial 
deposition, the radioactive materials may be removed by various processes such as, being washed off by nun 
or blown off by vrind. The extent of this removal is a function of many physical snd biological parameters. 
Nfan's intake of radida. t!\ x- ni.itLTia! may fKCur from contaminated food crops, from contaminated me^t and 
meat products and from contaminated nulk or milk products. The inhalation route (atmo.sphere directly to mao) 
may be important under special circumstances. The relative importance of die various pathways of intdce will 
depend on many factors among which are the physical half-lives of the radionuclides, the rate and route by 
which they pass through the food chain and the dietary habits of the population. The immediate and generally 
most significant pathway is pasture-cow-milk-man for the more significant radionuclides up to approximately 
one hundred days following deposition (one time event). Plant losses are such that after this time period 

atlsorptidn from Ihc soil by plants is the mosi signi ficani palhway tor the lonjrer lived radit)nuclides. Hie final 

Step m the food chain (uptake by man) pniuarily depends on tlie chemical characteristics of the radionuclide and 
the metabolism of the concentrating organ.® 

As an example of radionuclide behavior in the terrestrial food chain, the pathway of the fission product 
atrontium^X) may be cited. It has been shown that this nudide is readily transferred to man from atmospheric 
nudaar tailii^ by deposition on the earth's suifeoe with subsequent pisnt uptake and transference to milk by 
the grazing animal population. 

la oonsiderinf the rdstiaodiips between the food chain and any particular radionuclide it becomes 
necessary to first con.sider the source of the contaminant. The source should he considered at it relates tO the 
physical and chemical state of the radionuclide smce these properties relate to the degree of movement in the 
food diain. Fission-products from an atmospheric burst would not be expected to exist in the same phjraical 

and chemical state as those from a reactor incident, fuel reprocessing plant or waste treatment facility. Even 
among the hitter operations a wide variety of physical and chemical states of the fission-products would be 
expected. 

As an example of the foreyoin;^ the various forms of the fission products of ruthenium and iodine with 
respect to their source ot production can be cited. 

Studies of the movement and effects of radionuclides in the food chain are of value because they 1) 
make possible the prediction of the relationships between the kinds of radioactivity in the various steps within 
the food dnhi and the resultiitg levds in the human population. 2) provide a means for evaluatuig ways by 
Wludl the levels in the humen p(q)ulation may be minimized. 3) provide background information for setting up 
environmental saiqpling prognuas and for interpreting the data obtained, 4) make available animal dau which 
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may be useful for estimating behavior of radionuclides in humans, and 5) make possible predictions of the 
possible effects of environinental contamination, especially m the grazing animal population. 

RADIONUCLIDE BEHAVIOR IN TERRESTRIAL MEDIA 

■ 

Radioactive materials from atmospheric releases are deposited on the earth's surface by pn6|piMial 
or direct deposition. Although the discussion of possible fallout patterns is Kjyond the scope of this 
presentation, it should be stated that fallout distribution depends on many parameters. For nuclear weapons 
lestiiig, these include meteorologicil conditioiiB, fiaaon yield, type of fljtplcdoa (i.e. , graund, weter or aif), and 
geographical location. In the cut of a nuclear incident, such as an air relea.se from a nuclear reactor, the 
factors of major concern would be the eaiating fission product inventory, the micrometoorologicai conditions 
and the nalim of Ae mnoiiading tenata. 

The incorporation of radionuclides from fallout into the food chain depends on the physical properties 
of the fallout malenal and the chemical behavior of the nuclides, llie observed wide range of chemical 
oompositioa awl particle aim in variooa nuclear events leads to the ooodusioa that the biological wtSSMBty 
of the radioisotopes cannot he predicted from the event without some knowledge of the characteristics cited 
above. With respect to weapons testing, surface bursts in the kiloton range over contuienul soils result in 
predomiiiantly «]iceous radioactive particles while tower bursts of the same, energy range yield porticlea wludi 
exhibit incorporation of tower materials. Megaton explosions over oonl isfauds haw 3rielded prioanly 
calcareous (calcite or calcium carbonate containing) particles.^ 

Very little quantitative information is available on the exact physical and dieaBical form of the metallic 

radionuclides that constitute the bulk of the radioactivity from world-wide fallout. The information that is 
available has been obtained from the vanous methods of sampling fallout as it impinges on the earth's surface. 
Co m p ari son s have been made using gummed films, pots, ion exchange eoltums connected to funnels, and 
collectors employiiv artificial S^^- It has been observed that gummed surface.s collect on the average about 
60-70 percent more gross radioactivity per unit of horizont.al area than a high walled pot Tlie alkali inctals 
(e.g., cesium-137) and alkaline caiths (e.g., strontium-89 and strontium-90) are collected at a much lower 
eflideDi^ on giumiad swfiMea Ann the lam leaettve metals ud dieir leas sohAia oxidaa (e.£., lironnimii^S, 
ceriurn-144 and yttriiim-91). The lower Collection efficiency for the presumed soluble faUootCllkali and alkaline 
earth metals) has been attributed to washing off by rain. When rain water is collected In a pot and filtered, 
nearly all flie stnontium, bariom and oeaiinn isotopes pass thiougli the filter and are pKsonaed to be in soliNioa 
at the time they an dq>osited in niii (this in i> not always be true for cesium). Conversely, the l&ss reactive 
material oompoeiaig die bulk of die grass radioactivity is generally aswicistgd with the particulate material.'^' 

A. SoO-Piant ConsldentkMis 

For discussion purposes, the movement of radionuclides through the food chain can be conveniently 
considered by examining the system's major components. These are the aoil, plant and animal. Ifawever, in 
order to evaluate the overall hazard from deposition and movement in the food diain all the oomponenis mnat 
be considered on an interrelated behavioral basis. 

A mqor part of the biological experimentation concerned with nalionaclidB movnment in die food 

chain, especially with fallout con.stituents, has been done with soluble forms of the fWpective radioisotopes. 
Conse4Ucntly. the observed effects are assumed to exceed those which would be expected firom the leas SohlMe 
ftllottt. Use of soluble sovroes is presumed to provide maximal effocts. 

1. Soil considenitioiis^ 

Radionuclides presently in soils are of two kinds - natural and artificial. The natural radionuclides are 
either extremely long-li\ed such as potassium-40. th(jrium-232 and uranium-23S, <ir thcv are dauj.'hters of inng- 
lived radionuclides such as radium-226, polonium-210, bismuth-212, etc. The artiticial radionuclides are man- 
nnde fission products whidi have become widdy distributed m soils by atmospheric circohdion an^ 
The most importaaCradionudides of this group bemg those of rslativaly long lia]f<4ifesucfaaa,stRmti 
ce8ium-137. 

Although the natural radioactivity contents of soils iS much higher than that of the fission products, the 
movement of natural radionuclides in the fo(xl chain has not caused much COncem for human health. Possible 
reasons are that these radionuclides have always been with us and natural variations in their abundance have 
not caused any apparent differences in human wdl being. Except for die dement potassium and radium, diere 
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have beeo few studies on the availability of natural radionuclides in soils for food diatn transfeience. For 

potassium the majority of studies carried out have been more coDcemed with the naturil eletnenLs' nutritional 
value rather than its radioactive significance. On the other hand, there has been much concern for fission 
products in soils of agricultural importance and in materials from these soils that are used for food. This 
eonoem is due primarily to 1) the artificial nature of these fission products. 2) their potential as signifkant 
contaminants of the fcxid chain, 3) the health implications to the human population, and 4) a need to be able to 
predict the behavior of much higher concentrations of them in soils. Much work is presently being undertaken 
to find ways to mininii» plant uptake of diese fissian products finom soils. This area of sbidy can be termed 
the effiNis of "soil amendaients". 

a) Soil dnmctaMs** 

Soils consist of mineral and organic matter, water, and air arranged in a physicochemical system that 
provides for plant rooting and nutntional supplement. A vertical prul'ile through various .soils reveals horizontal 
hiyers wUch differ m their physical diaraclerislics and their ability lo support different kinds and quantities of 
vegetation. In a typical situation three layers may be recogni/ -d. The uppermost, which may range from 1 
to almost 2 feet in thicluiess, is the surface soil which supports the majority of the life processes taking place. 
The second layer consists of the Mbeoil, extenduig to about three feet below the surfece. Fuilher bdow the 
surface yet, to a depth of about 5 feet, is a layer of loose and partly decooiposed rock which is the parent 
material of the soil. 

The inorganic portion of the surfece soil may be catetoriaed into a number of lextural classes. 

depending on the percentage of sand, silt and clay. Sand consists predominantly of primary minerals such as 
quartz and has a particle size ranging from SO microns to about 2 millimeters; silt consi.sts of particles in the 
range of 2 to SO micrans; while, the cWey particles are smaller than 2 microns in diameter. Tlw clay fractioa 
of soils is largely responsible for controlling the pr ocesses which provide nourishment for plants. The platelike 
particles of aluminum silicates comprising the clay contain an abundance of negative surface charges which 
attract positively charged ions. This is one of the most important properties of soils. Most of the positively 
duofed nutrient ions msoiU are not hi idle water phase, but are sfcaoibed on Resurfaces of soil particles. In 
this way a greater reser\'oir of nutrients can be held in -iolution by the soil water. If soil cl.)> s did not have this 
ability to bind cations many dissolved nutrients would not reinam in soils but would be leached from them by 
normal water movement, hi contrast to cation nutrients ui soils, anion nutrients generally exist in combmatioo 
with organic matter or as anions while in the inorganic form. These anion nutrients must generally undergo 
decomposition to inorganic anion forms before being utilized by plants. There is no anion exchange mechanism 
in the soil similar to the cation exchange mechanism. 

Cations entering soils in water solution are exchanged with cations ads<lr^vd on tJie surface of clays. 
With time soils become acidic as a result of the replacement of adsorbed cations by the hydrogen ions of water. 
Because of this hydrogen ion buiMup soils must be limed (sdditiontrfcaldnm hjKfaoxMe) from time to time to 
assure optimum plant growth. The liming procedure replaces the hydrogen ions with calcium and magnesittm 
ions. 

b) Soil renctioiM^ 

Soil contamination is the first step in ttic process of plant root uptake. Radionuclides are made 
available for uptake by 1> soil penetration by rain water or naliual erosion prooesses, and 2) mixing into the 

soil by cultivation practices. In the first case, the resulting concentration gradient of radionuclides coupled with 
the rooting pattern and depth of plant structures are important considerations in plant uptake. In the second 
case, cultivation methods such as plowing, harrowing aiid discing mixes the fellout to depth of cultivation and 
increases tlie uptake by plants grown in soil. In general rapid soil penetration i- Jei^endent on the structvire of 
the soil, adsorptive properties of the radionuclide, electrolyte concentration ot the soil and the rate of water 
movement down through die soil. Rapid penetration is enhanced by low humus and low clay content, low 
valence, hig^ electrolyie concentration of tlie soil and rapid movement of water. 

Since the adsorption of nutrients or inorganic ions by the roots of plants usually involves soluble 
exdumgeable ions in the soil, the radioactive ions co mp et e with and replace otiwr ions on exchange sites in the 
soil. In -stime of the reactions with the soil, the new ions of fallout origin become nonexchangeable and some 
quantity of the radionuclides become unavailable for plant uptake. Thus, the availability of a radionuclide for 
plant uptake firom die soil dqiends on the types of mtersctions dwt occur between the solufale radionuclide and 
die soil oonsdtuents. , Several of diese soil nuUonuclide mteraetions are listed below. 

Adsorption "^'. The exchange capacity is the term commonly used to desigiute the ability of a soil to adsorb 
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cations. It is u&ually expressed as the number ot miliiequivalents ot caU(Hi(s) required to neutralize the negative 
chaife of 100 gnnv of soil at a given pH (imially 7). In genend. the adsmptiao of an ion will depend on its 

ion exchange properties-valence, iunic size and chctnical form in solution. Radionuclides exhibitini.' favorable 
ion excbaoge propeities will be removed from the soil solution in a sequential manner dq>endent on their 
lelntive affinities for die adsoqition media. For example, a trivalent ion would be more readUy adsoiiied than 
a divalent ion which in turn would Ih> more readily adsorbed than a monovalent ion. However, other factors 
may override the above. Thus, cesium-137 (monovalent) is more strongly adsorbed than 8trOQtiuoi-90 (divalent) 
in many soils as a result of its entrapment in the lattice structure of some clays. 

Desorption *^'. Desorption can he consiJereJ in its broade-st sense as the reverse of the adsorption process. 
Those radionuclides which are most strongly adsorbed will be the most ditticult to desorb or leach from the soil. 
In Hm atraotiiuii-oesiuni example died above, water denrption of oerimn is less tfun that of atim ti ii i ii. The 

amount of desorption of the aKive two ions can he altered by the characteristics of the Icithing solution (salt 
concentration, acidity and preiience of complexing agents) and by the characteristics of the soil (base saturation 
and boiler capacity). Addition of amendments sodi as lime and orsanic maMer also ehai^ deaorptioo 
phenomena. Since adstirption is the primary and initial retention mechanisms in the soil and dcsi rption is the 
primary mecbMiism affecting availability to the plant root, both adsorption and desorption pfaeoomeoa are 
important ia onniidering aubeequcnt plant uptake. These panmeten are especially important with nqiecl to 
the rate and total qwuitity of radionuclide movement in die soil. 

Presence of other kmfi *. The presence of other ions exert a strong effect on the adsorption of a particular 
cation. When used In large amounts all cations will leduce the adsoqition of strontium and cesium. The usual 
replacement of cations on s<iil materials is lithium < stxiiiim < potassium < ammoniimi < nihidium < 
cesium < hydrogen < magnesium < calcium < strontium < barium < iron < aiutmnum < lanthamum. 
The presence of anions have also been shown to have a marked effect on cation adsoipCiaa. The order of 
decreasing strontium adsorption in th:; presence of anions is sulfite > chloride > nhnle vrfiile increased 
adsorption occurs with oxalates and phosphates. 

Effect of pH "'. Most studies of pH effects on soil reactions have varied the pH of the leat hinj! s olution. The-se 
Studies have attempted to duplicate the actual condition which is variation of soil pH instead of pH variation of 
die contaminating solution. Such investigations have yielded data of the type itlostrated m Table 1. 

Table 1."' Maximum Adsorption as a Function of pU 



Rataudide pH 

Strontium 7-9 

cesium >6 

Yttrium >6 

Cerium >6 

Plutonium 2.5-9 



At highly acidic and alkaline conditions, soil nunerals decooipose aod yield deoonipoailioa prnduds 
which compete with the fission products for adsoiptive sites. Under iheee conditions it is eiqiwcled that tfwre 
would be less ndioouclide adsorption. 

Fixation *^-*'. Fixation of radionuclide s m the soil is a prcKcss that raiders these constituents unavaiUUe to 
plants. Neutral salt solutions are usnall) us^d to extract the exchan^'eahle cations from soil. These extracted 
cations are considered to be the cations that are available for plant nutntion. The amount of fixation lo a 
particular soil is the differenoe b et w een the amount of c^on applied and the availaHe or ejitinetabte amonnL 
The degree of fixation is an arbitrary term which depends on the experimental methods used. Current 
mvestigation in this area has indicated, especially with respect to strontium ami cesium, that fixation is a 
prapeity of the soil type since bodi fixed and non-fixed quantities of these dements have been fcond in soils. 
Several mechanisms that have been prop<ised for the fn.itinn priKcss include precipitation as slightly soUihle 
materials, physical trapping between clay platelets and in other insoluble precipitates, and diffusion into existmg 
crystals. 

Effect of organic matter "" '". Additions of large quantities of organic matter (tons per acre) affects soil 
reactions and subsequent plant uptake. The mqor (actots iavolved here appear to be an mcieased iukioInsI 
activ ity which competes with the soil and plant for the minatal elements; and an increased tie-up of ions from 
die soil solution by dw adsorptive capacity of die added ocfsnie matter. The net effiect observed widi lespect 
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to radionuclide behavior is a rBduction in plant upUke. The amount of rcduciiun is primarily a function of soil 
type tnd radiotniclide. 

2. PUint characteristics 

Plants are a major vector in the transfLT t raJionucUdesinMiidieeavinMiiDeatlDiiiaD. Conf miiMrtion 
ocaus by two processes: soil uptake and a«riai uptake. 

•) Soa«|rtake<*' 

Although almost every element cm be found in soil to some degree, sixteen elements are comridered 
necessary for the growth and reprodiKtico of plants. Theae are cnbon, b]rdrogen, oxygen, nitrogen, 
phosphorus, sulfur, potas-;ium, i:alLium, rruignesium, iron, manganc'^.*, zinc, ccipper. molybdenum, boron and 
chlorine. Cariwn, hydrogen and oxygen are primarily supplied by the atmosphere while all others are supplied 
liraaB die soil. RadioiMicUdes of die atoveeleaMotswiH pass iolo die plant toot in die sen^ 
forms. In some ca.ses the radionuclide element may not be required for normal mt-tabolism (e.g. . i(x]ine. cobalt, 
uranium and radium); however, they are known to be present in plants although no metabolic function is known. 
In cnenl it can be asmned that if tfw ioo is in the aoilit will piobaUy oocor to aone siealer or leaaer aottaot 
in the tissue of the phot grown in the aoU. 

The more important factors that affect the optidce of ladioouclides by plants through tbetr root qrstems 

are I) the chemical and physical form of the ion of the radionuclide. 2) the plant species and its metabolic 
requirements, 3) the soil type and chemical chaiactenstics and 4) the soil management practices. Numerous 
Iheofiea have been proposed for die medumism of uptake of ions by plant roots. Moat l^pothaaiaiviiBe dial 
the uptake of the element occurs in an ionic form, and the concentrating of the element within the plant root 
iaa metabolic (unction. Most of the mechanisms also provide for a biological compound that serves as a carrier 
for the elem«it. Disagreement in the various hypothesis occurs in the areas of the exact mechanism of uptake 
and the tnmsportiiig iiiBcfaanism(s) of ions between soil and plant root. 

The relative uptake of various elements from soils have been shown to be strontium > iodine > 
barium > ceaium, ruthenium > eerium > yttriiun, promethium, zirconium, niobiom > phitoaiun.''' Wham 

commas appear between the i<t>t4>pes, difficulty has been encountered in determining the relative order of 
magnitude of uptake. In a particular soil at comparable activity levels the relative order or uptake by plants 
does not vary much but the total quantity taken varies oonsidenibly widi diflereat soils. VariationB that are 
encountered in the order and absolute magnitude of uptake result from the differences in radionuclide 
coaceotiatioas in the soil and in the reactions of the various radionuclides with the different soils. With respect 
to ndionoclides from nuclear detonations, about two percent of the radioactiviQr in a contaminated soil mqr be 

absorbed by a single crop of plants.*^' However, soils usually adsorb less than a tenth of a percent of the total 
deposited. Strontiiwi-89 and strontium^ absorption may account for as much as'seveoty percent of this total 
from one year old mixed fission products. It is generally accepted that about one percent of the applied 
strontium will be taken up by single crops of plants. Less than one tenth of a percent of the deposited amount 
of other elements is taken up by single crops of plants. Higher amounts of uptake of some of the radioouclides 
may be obtained in pot experiments. 

The translocation of radionuclides is believed tu Ik- prmKinly i;<n..m. (l by the uptake process and less 
by plant tnetabolisro. The main route appears to be the central zone ot the vascular tissue of the plant. Upward 
movemsnt of the daaaents atronthmi and calcium tdative to that of phosphorous, sulfur, iodine and nibidium 
is limitetl. Cesium, rubidium and potassiua exhibit a greater redistribution within the plant than d(H>s strontium, 
calcium, yttnum and other multivalent catimu.^"* Radionuclides of higher valence such as strontium-90, 
rathenium-106, cerittni-141, ytlriuni-91 and zirconium + niobiitni-95 tend to accumulate in dw leaves to the 

highest extent relative !o tniit-. und stems. Radioimclides of lower v;tU-nv c such as cesium-137. nihidium-86 
and potas8iiun-40 are distributed more uniformly thron^iout the plant and exhibit less preference for a particular 
plant atnietiire. Plant eoiiteiit of these ladionucUdea will vary wHfa the stage of plarit development With respect 
toapecieB differences, the order of fi.ssion product uptake by the different plant families has been reported as 
Leguminasae (pea family - clover, alfalfa, beans, eto.) > Solanaceae (potato family - tomatoes, potatoes, 
tobacco, etc.) > Compositae (composite family - dandelions, lettuce, sagebnufa, etc.) > Granrineae (grass 
finnily - crab grass, wheat, rice, etc.) for the tops and Leguminasae > Compositae > Solanaceae for the roots. 
However, other investigators report no consistent differences between die lower and higher plant families.'^' 

b) Acrid cmilamlmtitm and uptakc!'''*'^^ 

In addition to indirect plant contamination (i.e., absorption from the soil) three methods of direct plant 
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contaounatioo have been e&ublished: 

Foliar deposition . This term refers to the ilrp ition of raJinactive materials on the leaves of the plant. 
The deposited nulioactive material may a) adhere to the leaf surface, b) be absorbed into the leaf or c) washed 
from the phut onto die soil. The OMtailude of pkMt cootainiMtiaii Aom lliii piDcesi will depead on die 
ndioaiiclide(i) daporilad, plut ipaciM and exiitiiig woiflicf ooodidoDB. 

Floral absorption . This term refers to the absorption of die defKMitad mternls by die tofloresceoces 

(flowering parts) of plants. For example, the inflorescences of wheat plants have a shape that tends to maximize 
eatrspment of fallout particles. Thus, contamination of this plant shotUy before matuh^ results in greater 
ndiomiclide absorption in the peripheral part of the plant."' 

Plant base abs<Trpti<in . This term describes the absorption of material that has been wa-shed dimTi to the 
basal parts of the plant. Material absorbed in this fashion may or may not be diluted by other elements of the 
soil. 

Plant coDtamination may thus be caused directly by foliar and tloral coolammalion or indirectly by 
abaorpdon firom die aoil. A combuadon of diieet and iodiiect oootainittadoa ia poariUe'by plaiit-baae 
abeorptioa. 

The rekHve inportaooe of diese alteniaUve roulea of entry wit! dqiend on dw giowdi form of die 
pknts and the role of the various parts of the plant in relation to the dietary h^ts of man. Foliar absorption 
occurs readily in all species whereas floral absorption is of practical significance with grain crops only. Plant- 
base absorption is particularly important in perennial pasture.s but not necessarily confined to them, in many 
eases it is difficult to diattnguiah between foliar absorption and either floral or plant-base entry. Durinf lain 
the contamination may wash dov^Tiward over the surfaces of the plant and foliar and floral absorption merge into 
plant-base entry. As materials are further leached mlo the soil surrounding the plant-base, plant-base entry 
beoooBS iodiract abaoiption duaii^ die loots. 

Diiect contunnatioo i* also a ftinction of the size and solubility of the contaminant. Large particles 
chafacteristic of neaHn felloat ftom miciear deloaatioas usually rebound firom leaf surfeoes. In general peitidea 
larger than 40 microns in dian>eter are only slijjhtly retained."*' Particles larger than this diameter arc associated 
with local fallout but are not characteristic of fallout at considerable distances from the detonation. Insoluble 
materials whidi are more characteristic of near-in ftUout result only ui superiicial plant contaminadon. The 
greatest plant contamination occurs from finely divided soluble deposits - world-wide fallout is in this form. 
It is important to note that findings baived on one situation STB not applicable to the Other (i.e., plant 
contamination due to local versus world-wide fallout). 

Little data are available showing the extent of fission prcxJuct uptake by abovc-L-round plant parts from 
world-wide fallout. However, evidence is increasing that the major portion of plant contammation from fallout 
has resttlled firom deposition on foliiq^."-'* The exact (|aantity contributed may primarily depend on die phmt's 

growing habits and on the exisfini; weather conditions durinj: the ah^irption period. Tracer studies indicate that 
entry can occur through the leaves, stem, fruit and bark. The extent of entrance of materials in solution mto 
plants appeen to be directly propoftiooal to die amount applied and to the time period of absoiptioa. Odux 
significant information such as the rate of absorption, extent of internal transport and pattern of distribution 
within plants is dependent on the specific radionuclide, plant and other internal and external factors. With 
respect to the extent of intemal transport, several studies have indicated both acropetal (transport to the tip or 
extremities of the petal) and basipetal (transport to base of petal), transport occurs following application of 
phosphorou.s-32, potassium 42, ruhidium-86 and cesium- 137 to alxive-croutid plant parts. In contrast to this 
calcium-4S, strontium-89 and 90, yttrium-90, ruthenium-103 and barium-140 do not move freely from the 
absoriiiof oifan and basipetal tfansport ia negligible."* 

3. Soil-plant relations*^ 

The soil and plant components of the soil-plant system arc indi\idually complex. The system is 
dynamic in that there is a steady mput of ions by the soil and a steady uptake of ions by the soil and a steady 
uptake of ions by the plant. When the input equals die uptake for a specific element steady tIMo oooditionB 
prevail. From a nutritional standpoint, steady-state conditions are probably common for many vegetative forms 
in die environment. However, for world-wide fallout this is most probably not the case because of the limited 
naidenee time of most radionuclides in the soil. The degree of attainment of steady-state conditions may often 
be regufariied by one or mom of the soiliifauit fectora mentioned in the preceding aectiona. 
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•) Efredsofsoilamemliiienls 



Various soil ameodinents have been investigated in order to rediKe plant uptake of radianudides from 

the soil. Among these are lime, gypsum, fertilizers and various types of organic matter. Most work in this 
area has been concerned with the fission-product strontium-90 since it is the most hazardous radionuclide that 
undergoes absofptioo from the soil. Limited work has been reported for cesium-137, ruthenium- 103 and 
ceriiiiii-144.(» 

When amendments are added to the soil two processes occurring within the soil are altered: 1) the 
exchajige reactions governing the distribution of ions between the clay and the soil solution and 2) the 
competitive effects durinj; the course of absorption by plants. Sin^ c various cations will compi^'tc for the same 
adsorption site, increasing the concentration of one decrea.scs the uptake of others in the .same group. This 
hypotfieeis has been praved to be cociect within certain iwges by aumerous greenhouse and field experinwnls. 
For example, the addition of calcium to acid soils low in t. aK ium content results in a rwlMction of '.!n>niium-90 
uptake. Similar observations have been observed on the uptai^e of cesiimi-137 from soils low in potassium when 
a^MepotaHhim is added. In aoine investigations fertilaer has incitased flieiiplate 
odm no incnaae ooeumd. Tlie eflects of orgsnic niatlar have bean eiiad prsviously. 

In general, die soil that \n\\ provide minimum uptake of fission-incducts Mfpem to be one flurt is ideal 

for maximum crop growth. These prerequisites include a soil of high exchangeable calcittm, high exchangeable 
potassium, high organic matter content and a slightly alkaline reaction. 

b) Conttotnlioa fncton nnd obMrvcd rntiofll^ 

Smce the uptake of a radioelement depends on its concentration in the external medium, the term 
concentration Ihclor is often used to express the relative uptake of different elements. It is defined as the nlio 

of plant ti>isue concentration to the external medium concentration. Results from solution culture studies are 
usually expressed in the fresh tissue weight while oven dry weight is used for soil culture studies. The formula 
for calmtating co n cent rat ion Indors is preaeoted in Equation 1. 

CF. — uCi/g plant tissue (1) 

|tCi/g externa] medium 

There is relative agreement ui the order of concentration factors for different radioisotopes using 
various laboratoty and fidd procedures. Some reported concentration factors for ftllout ndionncUdes in soil 
culture experiments are 0.05 for the alkaline earth group and i ' O i ' tor the rare earths. Using soluble forms 
in nutrient solution concentration factors from O.OS to 1 .0 have been observed for strontium, cesium, iodine and 
barium. For ruthenium, yttrium and cerium the range is 0.0001 to 0.001. Thus, the concentration factor is 
an arbitrary term wbicb depends on the experimental conditions. 

Another term used quite often to describe the quantitative soil-plant rclalions is the Observed Ratio. 
The OR is used to report the uptake of fission-products relative to a chemically similar dement. For example, 
the OR for strontium is the ratio of strontium to calcium in the plant(.sample) divided by the ratio of strontium 
Id calcium in the nutrient medium (precursor). For calculation purposes the Observed Ratio is determmed as 
indicated in Equation 2. 

OR(sample/precursor) = Sr/Ca( sample) (2) 

Sr/Ca(precursor) 

The OR (plant/nutrient solution) for strontium relative to calcium when only plant discrimination is 
measured is close to 1 .0. This indicales no discrimination against strontium and is generally true for all plant 
parts except the roots, where OR values larger than 1 have been observed. Other OR values reported for the 
rubidium/potassium and cesium/potassium systems in various plants are 0.8S and 0.20 respectivdy^ These 
systems indicate discrimination against rubidium and cesium in favor of potassium. 

c) Soil versus nerini cantaminntion'"^ 

In evdnatfaig the effect of depoaition to man an additiond eonaidefation of some inportanee in soil 

relations is the significance of soil versus aerial contamination with resftect to subsequent transfer of radioactive 
materials up the food chain. More recent deposition is believed to contnbutc predominantly to foliar and tloral 
ooBtomination (diiect), wheieas the older dqwsit r^ates the absoiption fiom die soil. If oontaminaiion of 
man's diet comes primarily from the direct mechanism, the ladioactivi^ levels hi tfie diet would be expected 
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to be related to the quantity of current deposition. Under these conditions a decrease in the rate of depositioo 
would rasult in ■ ndier rapid decraase in dietary ccMtamination. Alteniatively, the primny mode of dieluy 
contamination may be the indirect method. In thi cas<; the level.s appearing in the diet would be dependent on 
the cumulative deposit io the soil and the extent of equilibrium conditions within the soil system. Since the 
cumulitive dqKwit and attainment of equilibrium coadilions ate time dependent, dietaiy oimtribatioas ftom aoil 
absorption would be of greater significance on a longer term basis. If deposition ceased completely, dietary 
levels resulting from soil absorption would fall slof^y due to the deoeasing availability of fission products to 
plant fonns. This decreased >vailabiUtywonldbedii>tol)d»edcwiidionptiwdBcqroftiw €MmB 
and 9 the Iosb of existing xnl deposited ndioauciideB tfaioufh physicil pi oc e — e s (e.g., leadiiog}. 

B. Plant-Animal Con&ideratioas 

From the prt*ceding sections, root uptake aru! ac-rial contamination have been identified as the methods 
by which radioactive materials contaminate crops that are eaten by man or that serve as food for stock animals. 
Miidi leaiiioB to be learned about bow each nufionuelide movea fimD the root into the edible portioa of the 

plant, thfOm^ the body of an rah :inJ intci the milk, meat and other foods of nun. Mon yet remains to be 
learned about the behavior and distribution of radionuclides in the bodies of animals and noaa. A quantitative 
undentandng of tfieaB idatioiuUps is waded befon the doaa luoeived hf mm fnm the depos it ion of • 
ladloouclide m the eovironment or the cooceotntioo in a food can be evaluated. 

1. Conttminatiati of animals ami animal products* 

Certain radionuclides are readily transferred to the human population via domestic grazing animals 
which am efiisetive eodedon of contamln^oo fn>m various vegetative fbnns. There are nany thdors wliidi 
effect die degree to v4iich animaK .uc contaminated. The most important include 1) pasture type used for 
grazing. 2) extent of bam feeding (purchaM.-d and stored), 3) miscellaneous feeding practices - age of food and 
supplemental feeding use of purcha.sed feed, etc., 4) water source and 5) animal housing - degree of sheltering 
animals from surfue oontaminants. Because of the tnany variables involved the degree of animal and ammal 
product contamination may be quite variable, even from apparently sinnlar aouioes. 

Of particular interest in this pathwiiy of the food chain are the telatiooahipe that 

quantities of nttlionuclides ingested by the animal and the subsequent quantities which are deposited in the 
tissues and secretions that serve as human food. To study these retatiooships requires a knowledge of the 
metabolic diancteriitics of the animal and the paiticuhir radionuclide. Tlw following section on ladioaudide 
metabolism presents a general discussion of various aspects of the subject 

2. RadionnciidemetaboKsm"^ 

Cl assi ca lly, metabolism refers to the biological processes whereby complex cellular elements are 
synlhesizBd (catabolism) or conversely complex substances are degraded (anaboUsm) to supply energy for 
biochemical reactions. Kinetics usually refbn Io the pUd. .-.-- • ' meuholism involving rates of transfer and 
ConqMUtment volumes, i.e., various tissue spaces into which a substance is distributed. In general, litom the 
point of view of radiological hazards, interest focuses mainly on the kinetic aspects of metabolism. 

Radionuclide metabolism is arbitrarily consiJertJ or>.":\nic . r int^ri'unii- th<nit'h ^uch a distinction 
cannot, m fact, be made. Organic metabolism is somewhat synonymous with (he mure commonly referred to 
proc e sse s of intermediary metabolism. lHustrative of this would be die pasmge of caHMn-14 tfano^ a 

bioloL'iia! system. Mmerals, t- i; , potassium, scidium, calcium, Strontium, etc., may be viewed asbaingan 
inorganic phase. This arbitrary separation only simplifies the study of radionuclide metabolism. 

n) Expcrimcmal methodology in metabolic studlm 

Meiafaolie studies of ndionocUdes and oAentimeB dieb' counte i p arts sre applicadoos of tracer 
aiqierimen ta t i on. Tracer concepts can generally be used for the study of radionuclides in biological systems 
though one naiet realize the aasunaptioos inherent in the theory. Illustrative of the latter are situations in which 
a tnuer is not homogeneously distributed in a compartment such as tfie skeleton. ' 

Only fimdamental approaches will be cited. Upon introduction of isutope.s into the animal body, 
concentrations in various body fluids, excretory products and biopsies containing assimilated material can be 
analyzed. Sacrifice of the animal and proper dissection lead to more precise distribution and CO n cent i atioa 

assays. Techniques nf autnradiographv |.-a<l to knouirdge of differential disinbutionas well as quSBtilatiVB data. 
Yet, methods employing sacrifice give data uniy applicable to some increment in time. 
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A methud uf nondestructive study wuuld be ideal but such is not yet available. In recent years, 
techniques of total body counting have been developed and, applicable in Inceliang as well as quantifying 
radinisntnpe within Uw body. At present, this system is only useiiiJ in studying gunma emitting nuclides within 

the ammal. 

Most nu-taKii!iv iLita have resulted from sinj-'k- dose exfierinicnts. In somo instances, single 
administration data may not provide complete informatioo and multiple doses of the same nuclide may be 
lequbed. Stndy of riceletil metabolism is praibably the best example of the latter since a noo'horaofeaeoas 

distn'hution results from a single dose. Mnre exn. ting procedures utilizing multiple radioactive forn>s of the 
santc nuclide can greatly eobaacc the mtormation in a study of metabolism. Thus cbrooic adnunistration, 
especially sjnwlating fidiout ccnditioiiB, needs to be earned out to give an adequate picture of the metabdism 
of oertain nuclides. 

b) Methods of data intcrprelation 

In die study of radionuclide metabolism most data have been lepieeented by an exponential function 
with fogaid lo acounilation, transfer and elimination: 

R = Ae^' (3) 

where: 

R = quantity in biological compartment at tune t 
A,X = constants cfaancleristic of the comp art m e nt 
e « expcnentisl ftmctioa 

The latter is appealing and would be expected if the biological system functioned as a simple difiusioo 

process. .Also, the concept is similar u< th:- exp<inential decrease seen vsilh radioactive disintegration. Hence 
the concept of biological half-life analogoiui to radiological half-live evolves and one may speak of a biological 
half-life for loss of the radionuclide through biological processe s . With more detailed metabolic models, a 
multiple exponential form has been used. This model assumes that the radionuclide is distributed among several 
biological comportments and is lost from each with a characteristic half-life. The equation takes the form: 

R - Ae^,• + Be^,' + Ce^,* + ... (4) 

where: 

R is the amount retabed at time t and A, B, C and X,, and Xj are 
constants cha re cieristic of the varioua oompailments. 

Another cxpraasion Aat has been used quite often relates relention of some ndioauclides, especially 
boneaeakan, to a power fimction of time: 

R - A,* (5) 

where: 

R is the amount retained at time t and A and b are constants. 

With a sufficient number of terms, the multiple exponential expression can give as good a lit to 
experimental data as the power function. However, when both methods are extrapolated beyond the data on 
which diey are based the two forms lead to widely varying results. It is probable that a number of matheoialical 
functions will ultimately be required to adequa t ely inteipret the multiple biological functions inherent in 
metabolic phenomena. 

0 General cnnidentinK involved in radionuclide metabolian 

For pcadical purposes only the gastrointestinal mode of entry of nuclides into the compartments of a 
biohigical ^stem are important In special situations, the pulmonary and skin loules may be important in 

perautting assimilation. The Intravenous route of entry is artificial and only important a.s an experimental tool. 
However, it must be noted that it simulates the situation once a nuclide is absorbed into the blood stream. This 
method to aome esiteot bypasses the uncertainties involved in study with natural routes of a w i mil ation. 
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The gastrointestinal system is probably the most important route of eotry for soluble forms of nuclides. 
Insoluble torms will, dependent on the degree of solubility, remain in the gut with this organ receiving the balk 
of the ladialioo exposuie. Alpha emitters will disripMe about one percent of tbeir energy in the tissues of the 

gastrointestinal tract A much greater percentai^'t" of the energy from K-ta emitters wil! be absorbed and 
dissipated within the gastrointestinal tract. Insoluble gamma emitters will effectively radiate the intestine, 
liowBver, the net of the body will alio be exposed. 

Pertineot exanples of the moie important fisaioo pioducti ate tabulated in Table 2. 

TMt 1,^^*^ Characteristics of the More Important 

Fission-Piroducis of Food Chain Stgnificaace 

Yidd 



Radioisotope 


U^(a) U^(b) 

(%) (%) 


TviJe of 
radiation 


Physical 
half-life 


Glabsoipliai^ 
(») 


Si*/y" 


5.1 3.2 




28 years 


30 


CS"* 


6.2 6.2 




29yeafs 


100 


Pm'« 


2.9 


0 


2.6 years 


0.01 


Ce'« 


5.0 4.5 


0.y 


285 days 


0.01 


Ru"*;Rh'" 


0.5 2.7 




1.0 years 


0.03 


Zi» 


6.3 5.7 




65 days 


0.01 


Si" 


4.6 2.0 


» 


SI days 


30 


Ru" 


3.4 


Ay 


39.7 days 


0.03 


Nb^ 


6.3 




35 days 


0.01 


Ce"' 


6.0 


0,y 


33 days 


0.01 


Ba>*/U"' 


6.1 5.7 


fi,y 


12.8 days 


5 


im 


3.1 




8.05 days 


100 


(a) Thennal ne 


iitnm finiooing, (b) Fast neutioi 


DfissioDing»(e)An 


mme ladiomiclide 


oeciuB in solnlUe 



fonn 



Ga'Jtrointestinal absorption for the niKlides ran^c from ICQ percent for iodine-131 and cesium-137 to 
less than one percent for seven of the other potential environmental contaminants listed. Table 2 assumes that 
ttendiomjclides occur tn a soluble form on ingestion. Most are both gunma and beta emhteis. Adivevenus 
passive absorptive mechanisms plus the physicochemical nature of the nuclide are responsible for selective 
absorption. Yet, nuclides such as iodine- 131 are 100 percent absorbed, no matter what form in which they aiB 
administered. Abaotption of strunttum vary markedly. depeaJenI upon chemical forms wfaereas ■Imnet all 

Ibmis of zivconium ars insoluble. 

2. Solubility versus insolubility 

The physicochemical nature of the radionuclide bears great influence on its passage through a biological 
system. Such factors as the particular compound in which the nuclide is incorporated, the valance state and 
ionic form, particle size, complex formation, and whether bound to a protein make great differeaoes in the 
biological activity of radionuclides. These parameters are usually simplified by categorizing the physicochemical 
form of the nuclide as soluble or insoluble. Also, it is important to recognize that .some nuclides especially 
those high m atomic number are msoluble of themselves, regardless of any other physical or chemical 
characteristic. Thus, often a barrier to the IncoqMnation of cartain nuclidea into bioiofical syateoH exists due 
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3. finfluaiceof ottwrimclideioiiaariniilatioa 

The presence ot other elemenu and compouiuis ol other elements will otten ^ready influence the 
■wimihtion of nncUiks. Nunenias inlenclatioiudups exist betweeo metabolic pbenomeoa, e.f ., influence of 
cilciiiiii on ttrantinni ielenlion« 

4. Abnliile vcnoi rdative uptake 

In certain instances, especially due to the nature of the biological mechanism involved, there may exist 
fBlelive and absolute decrees of nuclide assimilation. Certain biological systems may have specific quantitative 
lequimnentB per unit lime. For inatanoe, vmmiM edcium continue to be ebaorbed from tihe diet if its 
concentration in the diet wa.s constantly increased? More likely an absolute amount may he absorbed per unit 
time with rejection of the excess dietary calcium. If assimilation were to be expressed m terms of percent 
i|]ioi|i«ianintfiiBinituGe,anewiouldbemiil8d. T!ntt»theoonMptofidalingMriaiibtiontofiractiondttplite 
could be inweurato in deecribing tlie bkilogical idienaaMna. 

5* Specific activities and biological availability 

The expression of nuclides in terms of specific activity (SA = radioactive stable) often times more 
adequately describes the biological processes. However, it must be stipulated that the radioactive and stable 
fbnos of tfie nodide be homogeneously mixed before specific activities of various compaitments may be 
inteioompared. In the diet, presence of the radioactive and stable elements as different compounds with 
different solubilities may make an expresstoo of specific activity invalid, for the physicocbemical form must be 
the same in order tbal both be metabolized in the same way. Hence, a specific activity may be present in the 
biolofieal sysiem, even after equilibrium, beeauae of diflineooes in physicocbemicat availabili^. 

C Depavitiun uf nuclides within the biological syston 

Little generalization can be made about nuclides in this all important phase i>f metabolism. Nuclides 
do fall into somewhat gross categories such as 'bone seekers', "marrow seekers", etc. Although a nuclide may 
have an inclinatioo for certain organs it is important to raalize that metabolism in dial ofgan may be 
oonaiderBbly different for different nodidea iwilring the same oigan. Thus, calcium and radium can be 
incoiponled into bone in entirely different ways. 

7. Routes of diminnlion 

Urinary and fecal excretion are by far the most important exits of nuclides from the body, varying in 
i uqww i an ce with particular nuclides. Swart, sloughing of variooa atin stnwinfca, exhalation and aacrations of 
minor organs may contribute to excretion. Perspiration losses of cafcium, sodium, and potassium nmy be 
significant and should be recognized in balance studies. 

4^ Metabolic daBificatkMi of n^onudides 

No completely satisfactory classification ul nuclides is possible. One approach is to group the nuclides 
acooiding to position m Hat periodic table. It would be expected that nuclides ot the same group would bduive 
similarly because of their like chemical properties. However, caution must be taken in accepting the latter 
assumption. As examples, elements of Group VU, lluorine, chlorine, bromine, iodine, and astatine have 
strikingly different modiss of metabolism. Fluorine is deposited in bone, chkwine and bromine are fairly equally 
extensive with the extracellular fluid Space, and iodine is concentrated in the thyroid gland. Astalme is also 
localized in ttie diyroid gland. 

1. Hydragcn (tritium) 

Tritium is of mayor importance as tntiated water. Tritiiun equilibrates rapidly with total body water 
and its loss firom the body is determined by the turnover rate of die body water whidi can vary widdy 
depending upon fluid intake. An average hn logical half-4ife of twdve days is assumed. Tritiun oxide is one 
of die few xadionuclidefi absorbed dirough Uie intact skin. 
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2. The noble gasM 

Of neOD. argon, kryptoo. xenoa and radon, only the latter has racdved considerable attention. The 
metabolic characteristi . : of this group is characterized hy differential soluhility in K(i<Jy fats and the absence of 
chemical reactioas with body components. Radium is transferred throu^ the toud cima and deposited in bone 
wifh nibteqiieot ndoo libentioii. Reoeot devdopmBotB in Ihia ana an conoe M ed wifli the lateoiiQO of die 
liheiated radon. Recent investigation indicates that in long-alanriiBg gim of ladina poiwiiag an avMage of 
laveoty peioeak of the radon praduoed ia eahaled. 

3. The tlhali netab - Granp I 

Though, sodium, potassium, rubidium and cesium are members of Group 1, their metabolic fates are 
ooosidenMy difRmat Again, pointing out the Act that like cheaucal p iope iti a i ,'doea not ilwayi indicato lihe 
mataboliMa. haiaad, thejr hblogieal half-livw are U, 35, 80, and 110 dqfa leqwdivBly - a aHilDBd nnga. 

FDluiium-40, the most abundant natural isotope in Udofical systems is not a Tission product. Its 
exceedingly long physicat half-life of yeen has lesalled in an abundance of the ladkMiuclide remaining since 
the time of creation. Its distribution is more principally intracellular in mammals with much lower 
concentrations present in extracellular fluids (lean body mass). It is one of the most easily measured gamma 
enittiBf ladioondidflapmentinaiiiniali. Roughly, dim are 2.2 grams of pOtaaimni per kilognni of lead bodjy 
BMW and it ia one4iinidnd peicent abaocbed with oiost of it beiiig excieled 

Sodium IS of mterest mainly as an indicator of dose after neutron exposures with production of 
Bodfaun>24kitfaebody. Stndieewilhaodittin-22 have eIneidalBd the melaboliaBof Ihia ekment. ftiadiatribuled 

mainly in the extracellular fluids with much lower intrac ellular concentrations. SigBificant concentrations of 
sodium are retained in the mineral portion of bone with a very slow turnover rate. 

Cesium- 137 and cesium- 1 34 are fission products found as human contaminants. Ceailun seenv to be 
principally concentrated in muscle, but has a similar whole body distribution to that of potassioni. The 
metabolic fate of rubidium more closely resemble cesium than the other alkali metals. 

4. ThetranaitiaaclananlsorGnnipI 

Copper, silver aod gold have no immediate eoviianiMntal impoitance as canhamnaita of die find 
chain. The common radioisotopes of these elements have vriatively short half-lives, limited gaatioinleBdnal 
absorption and are wed pfimarily in medical applications. 

5. The aDtaKne earths • Gmup II 

As environmental contaminants, elements of this group are undoubtedly among the most important. 
Bariom. tothanhm, radiimi, calcium, strontium and yttrium are probably the moat intensively studied group 
of nuclides since they are readily transferred throu^ih the food chain to man. Strontium, barium and radium 
are metabolized in a manner similar to calcium. In the animal body they are rapidly and almost exclusively 
deposited in the skeleton. Some of the radionuclides of longer half-life deposited in the skeleton will remain 
there throughout life. A singte exposure or a nnnriier of short term exposures result in a heterogeneous pattern 
of bone deposition. Chronic exposure results in a more uniform pattern of deposition. This dependence of 
distribution on duration of exposure further complicates dose evaluation. 

Barium-140, a fairly short-lived Tission product, is of lesser metabolic interest due to its diort half-life 
(12.8 days) aod limited gastrointestinal absoiption. The metabolic behavior appean very similar to that of 
atrootium. 

Research into the metaK^lism of radium dates at least to the I920*s, stemming fnnn industrial and 
medical contamination of many people with the radionuclide. Gastrointestinal id>8orption is approximately 
30 pereeot of ingested dose. In general, radnun Is dqiosited in bone end is retained there for kmg periods of 
time. Irregular deposition in osteons with 'hot spot* formation has been stressed resulting in tumor formation, 
etc., if the concentration is great enough. Normal total body concentration has been estimated at 1 x 10''* gram. 
The degree of deposition in other tissues of the body ia unsettled and there is some confeeioo on this point widi 
recent reports of high concentraticas found in soft tissue. Recent results of long term studies suggest a much 
different retention for radium as compare*! to other bone seekers when interpreted hy a power function. This 
point is extremely important, in that, regulatory standards of deposition of other radionuclides in bone have been 
baaed on radium metabolic data. 
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Radionuclides ot the lighter alkaline earths, beryllium, magoesium and calcium have bMD used 
flXleoHvdy ia studiee of llwir owtabolic bdunrior but Uwfe is no particular enviraiiiDental huwd from any of 
tfMW iaotoiMi. 

(. The transition elements of Group II 

Only zinc-65 is of interest as an environmental contaminant beini! transmitlexl in the food chain through 
aquatic biota exposed to reactor wastes. Neutron activation during fission results in its presence in close-in 
ftllout. Una ladioDuelide ii and to be ooncenliatod in llw proalato and to a leHH' degree in bone and ilan, 
Ihou^ it atiD baa a wide quoad dirtiibution tbioiqliaat die b^ 

7. Group III 

The radioisotopes of btiron, aluminum and scandium have attracted little intertsi as internal emitters. 
Gallium, indium, and thallium have been studied with respect to medical applications. Yttrium and lanthanium 
are very similar to die rare earths and aie considered later with these elemeots. 

S» Group IV 

Carbon-14, a natund eoviroomenlal oontaminant due to ooamic ray activation of niln>gen-14» baa been 

increased hy about !0 percent through neutron activation of the atmospheric nitrogen-14 consequent to nuclear 
detonation. The metabolism of carbon is very complex and is almost synonymous with intermediary 
melabolisai. Levels of carimnH in nan and b tbe atmosphefe (assttnung no furtfaer nuclear testing) sbould 

drop off faster than anticipated from the carbon-14 half-life because of the continuing equilibration of new 
carbon-14 with the total biospheric carbon. Other elements of this group have been studied for their biological 
and therapeutic effects but little interest is attached to then as internal hazards from food chain transference. 

9. Group V 

Only plio8piiorous-32 is of major imporfanoe as an environmental contaminant. It is an activatiott 

product formed in reactor cooling water and can be concentrated to significant le\c!s by aquatic food chain 
forms. Niobium as a daughter product of zirconium-95 is present in fallout materials but is of no more 
importance dmnita parent becanae of UaMtedgastwrfntaatlnalabaoiption. Ofharmdioiaotopesof this group axe 
of primary intersat fiom a iDxioological and Uodhemical aspect. 

* 

10. Group VI 

There are no prominent fission product rad i onueUdea in this group with respect to significant food chain 

coolamination. Molybdenium-99, a fission produa and chnmuum-S 1 . an activation product, are introduced into 
die snvbonment in Umiled quantities but sre of little significsnce ss a result of their rdatively ibort half-Uvea 

and limited gastrointestinal absorption. Sulfur and polonium have been the most extensively studied isotopes 
of this group. Radioisotopes of the transition elemeots of this group, chromium, molybdenium and n«ngat«m 
have all been used in biological studies. 

11. Group Vn 

The isotopes of ladioiodine are die only fission product in this group of aignifieant enviroonsotd 
importance. Thsyarochamcleriaed by dieirabiUqr to concentrste in die thyroid gisnd and their dioftplq^ 
half-Uves. 
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U. Group VUI 

Alfhough the aclivatiaiii products iroa-59 and ooball-60 nay be released IoIIib CDviromnent from reactor 

ofwration'- and ass<K:iate<J processes, they are not environmcntiilly significant contaminants because ot their 
limited absorption m terrestnai organisms (mainly limited gaiitrointesttnal absorption). However, they are used 
eoileoaivily as biological tnoefs in medical and lelated areas. Of the odier elemeots of Ihia group, ooly 
fudieoinm has received oonsidatable attention. Ruthenium- 103 and 106 are prominent diort-Iived fissiou 
products resulting from nuclear testing. Though virtually non-absorbed by vahous food chain forms, the small 
amount gaining entry into animals is deposited initially in the Iddnqr and liver with longer retention in the 

13. The rare earths and aclinide elements 

The rare earths (lanthanides) and the actinides in addition to yttrium behave metaholically similarly. 
The rare earths are produced in high yield from fission reactions of the elements of the actinide series. These 
radionuclides behave similarly in the majority of their chemical and biochemical reactions. Once absorbed most 
are deposited in bone with degrees of localization in the liver and reticuloendothelial system (that which engulfs 
foreign particles in the animal body). There is a noted progression with increasing atomic number in the 
chemical behavior within these groups (more noted in the lanthanidei>) which is retlcctod id changes in their 
biological behavior. With increasittg atomic number, there is a greater tendency for bone dsposition and leas 
for deposition in the liver. The lighter elements tend more to fecal and heavier cmes more toward urinary 
excretion. Bone retention is much longer than in other oigans. Their distribution appears to be paiticulariy 
sensitive to the quantity of material involved. Carrier free radioisotopes are caneentnlsd to a greater or taassr 
extent in bone while, with the addition of stable element aloog with the radio-element, there is a tendency for 
deposition in the liver and reticuloendothelial system. The exact fi««>fhfT'«n» of bona deposition for these gKOaps 
is believed to be different than that for the alkalme earths. 

Althoujjh radionuclides of these elements are widely distributed over the earth, they have not been 
identified in appreciable quantity in plants, animals and man. This is a consequence of their extremely low 
solubility in biological materials and corresponding low absorption from the gastrointestinal tract. In most 
expefimental animals, leas than one-faundreddi of a percent of an infested dose is absorbed. 

COMMENTARY 

The contamination of the terrestrial food chain from the various uses of nuclear energy constitutes a 
potential health problem to nun. To cope with this problem requires a considetation of the physical, chemical 
and biological dumcteristiGS of the radwoontaminants and die terrestrial food chain. The methods of fission 
product deposition along with the mechanisms of soil, plant and animal contamination need to be fillly 
understcHxl. With the above considentions in mind, the particular radionuclides of health importance to man 
m the terrestrial environmental can be ideniilied and their metabolic relationships studied. By sampling the 
appropriatn media a oofflparison of the quantitiea of these aitificiaUy produced fissicn prod^ 

occurring radMH i l idwtw can lut iiiaA> mmA tfiwi pw a—ManMit nf Hi* nf mnuiiiMvamtHA ivwifmiitatint 

be ol>tained. 
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n. METHODOLOGY 

A. PREPARATION OF SAMPLES 

PrqMustion ot tood samples for analysis of radionuclides involves three in<yor operations. Each is 
cawntial to otMain resulls wliidi are valid, aocuiate, and 

The First is to insure that the food sample represents the edible portion or the portion actually 
consumed. Inedible material such as bone, apple cores, nut shells, and egg sfaelis should not ordinarily be 
lOdutlBd as part of the sample. To be valid as a dietary sample of a meal, (he food for dw entire meal should 
be prepared and "ser\ed' in reasonable p<ntii»ns or tmiltiples thereof. Any convenient amnuntof aaiogle food 
item can be sampled and the radionuclide content reported on a weight or volume basis. 

The second operation in food mnple preparation is to make the sample homogeneous so that aliqiioti 
will be identical in compositioo. This is best accomplished by bleoding or homoseoizing using comnBreial 
Uaodais or specially constnictod bomogenizers, depending oa iha aampb toad and typical mnpte size. 

The third operation is to put the homogeneous sample into «)lulion. It is accomplished by ashing in 
a muftle furnace, digesting in acid, by fusing, or by a combination of these. The volatilization temperatures 
of the radioactive elemeota to be analyzed influenoes ttie choice of procedure. Volatile gamma eodtlen mdi 

aa radioiodine and cesium isotopes can be iiieasured in the undissolved homogenate by gamma spectrometry. 
If a radioelement, volatile at dry ashing temperatures, cannot be determined by gamma spectrometry, it can be 
analyzed chemically after the sample has been dissolved by acid digestion. 

Fresh samples should be analyzed immediately upon receipt or refrigerated for a short time only or 
frozen. Food samples should be packaged in waterproof contamers, and if frozen during storage, thawed prior 
toanalysts. TliislieatDieiift obviates the need for adding a praaervative to die Mqp^ Goiivcalwtsam|de«iid 
aliquot sin for individttal food items or composites of known oonalituents can be determined firom tfw Triile 
A. 

Refereiioe 

1. Porter, C. R., R. J. Augustme, J. M. Matusek, Jr., and M. W. Carter. 

Procedures for Daermination of Stable Elements and RadionucUdet in Environmental Smples. 
Public Heallfa Service Publication No. 999-RH-lO, Envimnmeotal Health Series, Radiotngical Health 

(1965) 

1. BkmSm 

Several methods ot sample blending may be used to homogenize liquid, semi-liquid, and solid samples 
of food, excluding inedible, hard and resistant parts sudi as bones and skin. One of die procedures described 
here can be applied to large (^r smLilI number of samples or to samples of large or small volume. Becau.se they 
differ primarily in the type of apparatus employed, choice of procedure will be dictated by the sample load, 
sample size, availability of foods and equipment, and personal preforBnce of die analyst. 

Fkinciple of Method 

The food sample is M«ighed and thoroughly Mended in a homoganiang appaiatns until the aanple 

becomes a homogeneous slurr>'. Portions of the slurry are measured into appropriate W11*yillWl for analysis 
by gamma spectrometiy aod/or for ashing prior to radiochemical analysis. 

PROCEDURE 

Reagents 

none 

. Apparatus 

evaporating dish 
laboratory balance 

Mariadli-type beaker, 3.S'4iter capacity 
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stainless sie>sl electric food bleoder, 1 -gallon capacity 

1. Weigh the total sample, and homogcaiZ£ il in a 1 -gallon capacity blender. After the sample appears 
to be • duny, bknd it fior 3 mimilai longer. 

2. Measure 3.S-liters of the bomogenized sample into a tared Marinelli type beaker /md detemiiie the 
eliqiiot weight Thie portko b counted for gumm ecdvi^ m » gMioie ■cmlfllatioo m je ct i muel B i. After 
the blended sample is counted for gamma activity it way he tunsfatied to e pre-weigliad evepofiting 
ditfa to be ashed in piefMntion for iiirtber analysts. 

2. AsMi« 

Two similar procedures tor ashing food samples are given here. They can be used in connection with 
tfie mediod of Mending deec rib ed above or be applied to a blended dietary sample or a nnv, cooked, or 

unbomogenized food item, although special care must he taken in ashing intact fatty substances. If not 
homogenized, most samples should be cut into small pieces before being a.sbed. In each procedure, ambient 
temperature is progressively increased to reduce the cuniiistency of the sample to that of a coarse gravel. 

Muffle furnaces are the only major laboratory equipment needed, and the number of samples that can 
be ashed per day depends primarily on the number and capacity of furnaces available. The mimmuin time 
required to adi a single naple is • little over three days; however, the sample needs to be watdwd or hsndled 
00^ occasionally. 

Prinqple of Method 

The blended sample is dried and then ashed in a muffle fiimace by progressively increasing the furnace 
temperature to 500° -600 °C. The ash is then cooled, weighed, pulverized or mixed by a similar method, and 
divided into portions needed Ibr snalyBiB. 

PROC£DUR£ A 




Coining Wate didi 
electric drying ovao 
evaporating didi 
gas oven 
muffto furnace 
plastic container 

ProcaAire 

1. Transfer a suitable portion (see Table A) of a blended sample to a tared Coming Ware dish and obtain 
the aliquot weight. Diy the sample in an electric drying oven at 1 IS" C for 48 hours. 

2. Transfer the sample to a gas oven and char for 4 hours at 250° C. Than raise the temperature to 315* 
C for an additional 4 hours. Then raise the temperature to 480° C and char for 8 hours more. Remove 
the sample, and cool it. 

3. Transfer the cooled, charred ash to an evaporating dish and place it in a vented muffle tiimace. Raise 
the temperature to 550*-600'C and aA Ibr 16 hours. 

4. Cool, weigh, and then grind the ash to a fine powder using a mortar and pestle. 

5. Trsnafiw tfie powdered ash to a plastic container Ctom uAich portions can be removed §ot chemical 
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PROCEDURE B 




Coning Wire (fish 

ixyiag oven 
muffle ftunace 
plastic caotainer 

Procadure 

1. TViMier«Miil«blepoitkn(mTdyleA)ofableddedniiqi^ 
the aliquot weight 

2. Dry the sunple m an ovea at 100* to 120* C for 48 bouis. 

3. Tfansfer the sample to a vented muffle furnace, and raise the temperature slowly from 200° C to 
SSO*C. Keep the temperature of the furnace at SSO'C and ash the sample for 48 houta. 

4. Cool, weigh, and tb«o giiod the ash to a ftoe powder using a mortar and pestle. 

5. Tnnsftr the powdered ash to a plastic cootainer from which portloiH can be mnowad for dMnical 
analysis. 



3. VuAm 

If a food sample contains a high concentration of silica, it may be necessary to perform a sodium 
caihooale ftudoo oo the ash in order to dissolve it 

SODIUM CARBONATE FUSION 

Principle of Method 

Bariom and strontium carriers are added to an aliquot of food arii and thenuxtuie is fused widi aodtum 

hydroxide and sodium carbonate. The melt is taken up in distilled water, waslied. and treated with sodium 
carbonate to yield a precipitate of alkaline earth caifaooates. The carhooate precipitate can then he analyzed ftir 
strontium 89, strontium 90 and barium 140. 

Reayenta 

Ba"' as barium nitrate. Ba(NO,).: 20 mg Ba^- per ml 

Sr - as siruntium nitrate, SrCNO*),: 20 mg Sr*^ per ml 

M^)diuiii carbonate. Na2C0]: anhydrous grannies or powder, 3^, 0. I N 

■ndiiiiw hwtiiirwiitfa- NaOH: pellets 

A pparams 

long-handled tongs, nickel-tipped 
nickel crucible, 250-ml capacity 
mcksi spatula 

Procedure 

1. Weigh a 10-gram or smaller portion of food ash into a 250-ml nickel cfUCtUe. Record the weigllt. 
[Note: Sample size depends on the silica content of the ash.] 



Copyrighted mater 



52 



2. Pipel 1.0 nil of strontium carrier solution and 1.0 ml of barium carrier solution (or an amoimt of 
carrier suitaible to the amlysis to be made) into the cracible. Mix thoroughly with a nickel Bpalnla. 

3. To this mixture add 50 gnms of sodium hydroxide pellets, or 5 grams for each jjram of ash, and mix 
thoroughly. 

4. Fuse over a blast burner for 20-30 minutes. Then slowly stir in 5 grams of anhydrous sodium 
carbonate, or 0.5 gram for each gram of ash. Continue to heat the clear red melt for 20-30 minutes. 

5. Using Icng-handled, nickel-lipped tongs, remove the crucible from the flame and very cautiously ccxil 
it m a cold-water bath. Take up the cooled melt in about 200 ml of hot distilled water and disintegrate 
it by gentle boiling. 

6. Using distilled water, transfer the mixture to a 250-ml centrifuge bottle. Centrifuge, and discard the 
supenialant liquid. 

7. To the residue add 40 ml 3^ Na^O] as a wasb. Heat for 10 minutes on a hot plate. Centrifuge, and 

discard the supcmate. 

8. Repeat Step 7 to put the piecipitate in a fonn suitable for fiirther analysis. 
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Table A. Required uiiiuunt and upproximute a^h content of various sample media 

Medium Requiied Approxiniaic 

unount (Ic^* ash conteat (%) 



Apples 


13.0 


0.3 


Bananas 


4.0 


0.9 


Beens (green, snap) 


5.5 


0.6 


Oddaqr, d^) 


2.5 


1.6 


(large tUn, diy) 


2.5 


1.6 


(pinto, diy) 


2.5 


I.S 


Beef (meat) 


5.0 


18.0 


Bread 


1.7 


2.0 


Cabbage 


7.0 


0.5 


Celery 


4.5 


0.8 


CMs (AA Bian) 


0.5 


8.2 


(Cheerios) 


1.0 


4.5 


(Com I'lakcs) 


1.5 


3.1 


(Giape-Nuts) 


1.5 


2.6 


(Rice Krispies) 


1.5 


3.1 


(Shredded Wheat) 


2.5 


1.4 


(Special "K") 


1.5 


3.0 


(Wheaties) 


1.0 


4.8 


CofTee (instant) 


0.4 


12.0 


Crab (whole) 


0.5 


14.5 


DietFood (composite) 


3.5 


1.0 


Eggplant 


5.0 


0.8 


Eggs 


5.0 


0.7 


Fish (whole) 


0.5 


6.5 


(edible, red snapper) 


2.0 


1.8 


Gnas fdrv) 


1.0 


5.5 




2.0 


2.0 


lT4tlKy 


7.0 


0.5 


Milk (evaporated) 


2.5 


1.6 


(fresh) 


5.0 


0.7 


Margarine 


1.6 


2.3 


Oranges 


9.0 


0.4 


Oysters (meat) 


0.5 


6.0 


Pork (meat) 


5.0 


0.8 


Potatoes (fresh) 


4.0 


1.0 


Pumpkins 


8.5 


0.4 


Rice (white) 


7.0 


0.5 


RnHibagas 


6.0 


0.6 


Shrimp («4l0le) 


1.0 


4.5 


Squash 


5.0 


0.7 


Tonataaa 


4.5 


0.8 


Watanneloa 


13.0 


0.3 



In order to have sufficient aril fbr the chemical proceduiea lialed in this aaMiual. 
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B. INSTRUMENTATION 

1. LiibofHlory Facilities 

The physical locatiun of the room and the arrangement of the equipment are important factors to be 
coaridwad when estabtishing a counting facility. 

The site should be chosen so as to take maximum advantage of any natural existing shielding. By 
locatmg the room in the basement of a building it is generally possible to utilize natural shielding as well as to 
oUaiB iMiiniiim lepintkm fitom busy ams. Tanpentuie, humUlitjr, and diut oootrol m all importnt and 
equqNiieiit dmild be provided to optiiiiizo and itabilizB tbeae envinNUBBntal paiameten. 

Cbanliiwii and geoenl good houaekeaptqg prooedurM an of tfie utmost importance in die operation 
of a low level couatiog room. Such practwea tead to assure minimum background levels by reducing or 

eliminating contamination and this leads (o more accurate results. Traffic in and out of the counting room should 
be kept at an absolute minimum. This may be accomplished by the use of in-wall slidmg glass dour pass boxes 
Ibr ttiB wdwiiwioB <tf mnples fior pnoeasiiig. II is ofkaa an excellent idea to provide aboe ooverings for 
petsoanel entoring the nom. 

2. bistraiiieots for Ifeasitriiig Radioactivity 

Instruments tnr measuring radioactivity make usi- of the ioniziriL' properties of nuclear radiation, 
iiasically they provide a medium with which the radiation can uUcract and a means of dctcctmg and idcntifymg 
diia ioteiacliaa. AU iastnunants can be dassified Iqr their inteiactiao medium under three geneid 
gu ionialioin detedons, acinliUatioa detectors or pihosphors, and solid state detectors. 

When a charged paiticle such as an alpha or beta particle moves through a gas at high velocity it may 
act on a gas molecule or atom to remove an electron and produce an ion pair. Gas ionization detectors contain 
an enclosed volume of gas in which two collecting electrodes are placed. When a direct voltage is applied 
across these electrodes in the presence of ionizing radiation, five types of response will be observed as the 
voitage is increased. These five distinct regions of response are: 

a In the ion recombination reyion many of the ion pairs recombine with each other before 

ffsacliing the oollecting electrode. Oas kNUzation instruments are not operated in this region of response. 

b In the ionization chamber region the applied voltage is sutlicient to prevent significant 

reoombinatioo of ion pairs and the ions are collected in a one-to-one ratio with those formed. Ionization chamber 
instrumente operate in this region of response. 

e At voltages in the proportional region the ions are accelerated to achieve enough energy to 

produce secondary ionization in the gas medium, thus anqilifying the primary ion current. Although die ion 
current or pulse size is amplified, to an extent described by (he "gas amplification factor", it is still proportional 
to the energy of the incident particle or radiation. Thus gas ionization detectors operatmg m the propoitiooai 
region can detect alpha particles selectively in the presence of beta (or ganuna) radiation. A^piw and beta 
proportional counters with or without windows to sepaiato samples fifom the gas jonization medium operate at 
vtdlagas in die proportional region of response. 

d Geiger counters, or GM counters, operate in the Oeiger-Mudler rsgim where die gas 

amplification factor is so large that an avalanche of electrons spreads along the entire Ic^n^th of the anode. Here 
the pulse size is independent of the number of primary ions or energy of the incident radiation. This accounts 
for the high ssnsitivity of GM detectors and their inability to distinguidi between the various types of radialian. 

e In the continuous dis i harf e re^imi the gas amplification factor is so large that the gas begins 

to arc generating a series of sdf-perpciuatuig discharges. Operation of any gas ionization instrument at voltages 
in Ibis rsgkm even for a fow seconds will seriously damage die dedrodea. 

Scintillation detectors make use of the long-known ability of ionizing radiations to produce short-lived 
flashes of light (scintillations) in phosphors. The light flashes can produce pbotodectrons from a photosensitive 
cathode in a photomultiplier tube and these photoelectrons are further amplified into a pulse which can be 
ooimted. When the scintillator is large enough to absorb all the energy of the radiation in the excitation and 
ionization interaction, the output pulse will be proportional to the energy of the incident radiation. This 
proportional rstpnnse is necessary for ganuna scintillstion apectrometiy. Scintillators are of many materiala 

• 
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including organic crystals such as anthracene, liquid solutions of an organic scintillator such as p-teipbeayl in 
ao organic solvent, solid solutions of an organic scintillator in a plastic solvent (plastic scintilbtion deleclofs), 
inofsnic ciystals such as sodium iodjde or zine sulfide, sod noble gases. 

Solid state detectors make use of the property of some msulators such as dinmoikl or silver chloride 
cfystils, or semiooiiduclon sudi as fenntmum or sUiooa, lo sbow an instaoisaMmi oandudivi^ when bifhr 
eneisy paitidea or ladiatioii intenct with Ibe material of which (bsy am oompoaed. 

C. DETECTORS 

1. Alpha Adiri^ 

Al|dia partidea are helium Bucid sod otffy a positive charfe eqwd to twice Ifa^ 

Alpha particles, like gamma rays, arc monocncrj.'L-tic emissions. The most commonly counted alpha emitters, 
such as radon and thoron daughters, have energies of 5 to 7 million elecUoo volts (MeV) and a mean range in 
air of about 5 centimeters. Sanqiles to be counted for the^ particles should be very thin to nrinimiae loas of 
enefgy in the sample thiough self-absorption, and should little or no diatanoe between the sample and the 

detector to minimize loss of energy in air. Because of the low penetrating power of alpha particles, end-window 
OOUntets are generally unsati.sfactury fur alpha counting unless the window thickness is 0. 1 milligram per square 

centimeler or leas. 

For each instrument described, there is an operating high voltage which will yield consistent counting 
reeults. To detemaoe Aa operating voltage, counts are made wifli a known alpha aource at SO'^t increments. 

The initial counts will appear at die threshold voltage of the instrument, the lowest at which pulses are detected. 
As the voltage is increased, more counts are observed, until a levelingH)ff of the count rate occurs. This level 
area, or plateau, contmues until there is a sharp increase in the counts. The operating voltage is selected midway 
doof Ae pialeaiu. The manud provided with each commerdally availdile instrument usudly diacussee m aome 
detail the ad e c ti on of the probable opetatuig voltata. 

After the operating voltage has been selected, cdibration nmat be pefformed to obtain quanlilalivBdaia. 

Calibration involves selecting a suitable standard, prqiaring it in a fonn to MBwIatB the aampba, and oountinx 
the calibration standard at the sdected operatiog voltsfe. 

For calibiating dpha counters, sample thidcneaa nniat be considered because of sdf-absorption in the 

sample can be severe Performance standards are a ver>' necessary part of routine counting. Their use insures 
that the counter is functioning the same when the sample is counted as it was when calibration was performed. 

Backgrounci count rate should be determined at least twice daily to detect possible fluctuations caused 
by contamiiution, radio-frequency or line-current pulses, or by a change in the natural background radiation 
from radon-thoran daughters in the air or from cosmic radiation. A change in background due to contamination 
of the coiuter is most apt to occur if the samplea are placed within the deleclor for oounlmg. 

1. INTERNAL PROPORTIONAL ALPHA COU NTER 

A pplication 

Internal propoitioaal alpha counters are gas-flow counters usefiil for measuring levels of alpha activity 
commonly found in environmentd samples. The counters are termed "intemd" because the sample is placed 
into the sensitive part of the detector, and counting gas is purged throughout both counting chamber and sample. 
Because of this procedure, the counter can be contaminated by the sample. At the same lime, this essentially 
eliminates all losses but those firom sdf-absoqitton. For samples depodled on a plandwt, this countsr is as 
sensitive as any dpha counting syatem, and can be uaed to count activitiea nnging from tfia loweat to the veiy 
highest. 

To be detected, the alpha particles have only topanatnto the sample itself and produce several ion pain 
in the gas. The detector is alnrast equally sensitive over the inside diameter, although a slight decrease in 
response is noted at the edge of the counting dish. Any metallic planchet is suitable for counting in an internal 
proportiond counter, but caie diould be taken to have the solids unifbrmly distribtrted in the dish. This is 
especially tme fnr countin;.' alpha activity if there is much solid material in the sample, as absorption losses from 
imevenly distributed solids will be inconsistent. Stainless steel dishes are used tor most samples, but cannot be 
used wtth diloridea, hi Hbm caaa, duounum must be used. 
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Operation 

The counters are termed *pM)|Mrtional' because they opmte at voltages where the size of the pulse 
is proportional to the number of ion pairs produced. A counting gas mixture of 90 percent argon and 10 percent 
methane (P-10 gas) is commonly used. The electrons from ion pairs produced in this gas are collected by the 
central electrode to generate a pulse which is recorded by a scaler. Since alpha particles dissipate more energy 
in the chamber than beta particles, they produce more ion pairs and consequently large pulses. The smaller beta- 
gamma pulses, if present, are discnmuuted against by opentiog at the relatively low voltage of approximately 
1000 V wUdi praduoM a mill aiiiiililiGaliaii. Ability to oouot only tSfim eaiaaom at one voltage and alplHi 
plug beto-fumni amiHioni at iiiadMr dhIgbi dw prapoftknil oQunter a venitUe detector. 

If the iostnimeot used for counting samples of high activity is also used for counting those of low 
activity, background measurements should be more frequent than twice daily to check for conluiiiiiitioa. For 
an umhieided 2 l/4-iachdiaaietcr henuaphajp and pMtott,liie alpha backjg^^ 

The alpha countiag efficiency for weightless samples is ilighdy higher dun 50 pefceat. Hie efifidfliKy 
far anydiing hut wdj^tleM annplee is subetantiilly lower due to seven sdf-absoiptiao kMses. 

2. ALPHA SCINTILLATION COUNTER - Zbe Sulfide Soma 

A pplication 

The alpha scintillation counter is used for counting flaky or dusty samples such as air samples, that 

could easily contaminate an internal proportional counter. Uneven self-absorption losses from these samples can 
result in poor reproducibility, even with the scintillation counter. This instrument lends itself quite readily to 
mohilo laboTBtofy or lirid uss bscsuse no gas supply is n eeded. 

Since the sample is external to the detector, the counting dish or planchet need not be conducting. It 
should be shallow enough to enable the sample to be placed close to the zinc sulfide screen to minimize air 
sbsorptioo los s e s . In this configuration, the alpha scintillation counter is almost as sensitive as the internal 

prop<irtional counter. Samples deposited on menihrane filters provide a nearly ideal geometry because they are 
flat and usually evenly distributed. Self-absorption, however, can be severe for air samples having a high solids 

cooinit. 

Qp«iration 

The counter is composed of a ziiK sulfide screen (zinc sulfide deposited on lucite or some other 
tnuMcparent substance), and a photomultipiier tube hou.sed in a light-tight box coupled through a cathode follower 
into a scaler. The voltage that must be used depends on the photomultipiier tube characteristics. The tube 
should have a imiform photo-cathode which yields a satisfactory plateau. No additional amplification of the 
pulses is (equired, end operating voltsges sie usually less than 2000 V, ensNing use of the simplest scalers. 

A 2Hnch diameler weightless asmple doss to a 3 l/2-hich screen hss a counting efficiency grester disn 

40 percent. For the same weightless sample, the eflicieoigf will be about 50 percent in an internal proportional 
alpha counter. The efficiency obtained is much better IhMl for an end window alpha counter, since the zinc 
sulfide screen has no wuidow. 

The background is about 0.2 qim for a 3 i/2-inch slope per 100 volts. 

3. ALPHA SCINTILLATION COUNTER- Liquid ScintiUsttoii 

Application 

The liquid scintillation counter wa^ designed primarily for coimting weak beta emitters such as tritium 
('H) snd carbon 14. It can also be used successfully for alpha counting. Its chief advantage is that there can be 
no self-sl>soq)tion losses in the sample to cause noo-refnoducible counting. Sample preparation may require 
§OBB traifliqf m radiochemistiy. 

The samples are mixed with the scintillator and the mixture is placed m low potassium-content glass 
or pdyelhjrtsiie vials. The alpha counting efficiency approaches 100 percent, and the mininiuni sensitivity itar 
HMlium 226 is about 0.2 pioocorie per ssmple for a lOO-minute count 
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An alternate method is (o place the sample in a small vial cc»ated with zinc sulfide powder. With this 
procedure, the background is about 0.02 counts per minute, and the miniimun sensitivity for rkdium 226 is 
ippRNUiiiitely 0.02 pioocnrie per aunple for lOOnniinilB oounliiig periodi. 

The liquid scintillatioo for alpha counting has not been used extensively by the laboratories; but is 
described here as an ahenuta to the more specialized radoo wnanartna technique viducfalfoUows. . 

Operation 

A typical liquid sctsliUatkm cooBler ues two photomultiplier tubes in coiocidefioe. Noise pnlaes or 

originating in the tubes can he discriminated against as they are much smaller than alpha pulSM. Wilh dw 
coincidence circuit, pulses must occur simultaneously in each tube to be recorded as a count. 

4. RADON COUNTER- Gas PliMeCiNnliag 

The radon counter is used for the determination of radium 226 by measurinj.' radon 222 and its 
daughters. The daughters of importance to the detemunalion are the short-lived alpha emitters polonium 218, 
Inaamdi 214, and pokxdum 214. Lead 214 which follows polofiiiHD 218 in the decigr chain is a bete enittar. 

Gas phase scintillation counting yields the maximum sensitivity for radium 226. With appropriate 
sample preparation, it can be uj>ed tor almost any sample for activities down to 0.01 picocurie per sample if 
1,000-mioate badc g round and aanple counto are nade. 

The radium 226 is Mored in a sealed tube until the system has reached secular equilibrium (about 28 
days) or at least until an amount of radon 222 sufficient for counting has grown into the radium 226 solution. 
Then the radon gas is purged into the evacuated scuitiUatiun cell by using radon-free gas, such as aged air or 
nitrogen at a low purge rate. 

The cell containing the radon must be stored m a light-tight container for approximately 5 hours to 
enable the rsdon dani^iters to leadi equHibrium. At equUibrium. for every radon 222 disbtegration dnee alpha 
particles will be available for counting'. This storage time can vary as long as the degree of equilibrium attahwd 
is considered in the calculation ot radium 226 activity. The storage time should be long enough to allow any 
actinon (*"Rn) or tboron (~Rn) daughters of radium 223 or radium 224, if present, to decay out. It is usually 
convenient to atoie the cell in the mme light-tight oontehwr which booMS the photomiiltiplier Inbe. From ite 

photomultiplier tiibe. which detects the light flashes in the cell, to its scaler, this counter is very similar to tfie 
zinc sulfide screen already described. The scintillation cell substitutes for the screen as the detects. 

The counter is plaleaued and calibrated by preparing a standard solution of radium 226 and processing 
the standard in the same manner as the samples are processed. Hiis determines the ^ciency of the purge and 

the counting. 

Coiintini! effk iency for the radon and daughters is approximately 80 percent in a properly coated cell. 
The background is usually U. 1 count per minute. Each cell must be checked independtmtly on the phototube 
used for sample counting. It is important to keep the cell and the tube as a matched uiit, as tttk can aiftct 
bnckground Md ooonting^ficieney. 

b. Bete Activity 

Beta particles (Beta Activity) are negatively charged electrons ejected from the nucleus when a neutron 
decays tu a proton and an electron. They are not monoeoergetic, but have a continuous distribution of energies 
from aro up to E^, the maximum value reported fot the paiticuter mdioisotope. Each radionuclide has a 

different decay scheme which can be used to help ideotiQr the constituents of a sample containing beta emitters. 
Some beta emitters have many £,.1 values due to the way the atom reached a stable state. The average energy 

ftf thft IntiM fantieiam. ftwm a ffivmn mmih^r i« flwu^nilly tAtm tn Im Anirf tmm diiirf nf rim piriMiMHi, Thoeiiergy 

releaaed by decay partially determuiea die type of mstrumeut needed. 

For each instrument described, there is an operating high voltage plateau which will yield consistent 
ooontmg results. To determine this vo l t age range , counte are nwde with a bete emitter u^iidi has iq>^ 
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the same beta eoeigy as the beta emitter in the samples. Couots are made at 50-volt mcremeots. When the 
GoiBliftoinoDeSO^tincfementtollienextaie widim 1 percent of each other, fbe plateni has been leadied 
and die operating voltage lies in this plateau. Each instrument varies n to the length of the plateau and the best 

operating voltage. The operating voltage is influenced by the construction of the counter and for a t'as 
ionization detector, the type ot gas used. Additional information will be found in the operating uuuiual hupplied 
with die particular tmtrameot and in sevend references listed at llie end of llits Section. 

1. GEICER-MUELLER COUNTER 

The Geiger-Mueller (GM) counter is a gas ionization detector operated la the Geiger-Mueller region 
of response. In this applieslioo, the gas ionizatioa chamber is called aOM tube. The cathode of this lube is 

usually a part of its wall, and the anode is a central wire mounted within the cathode. GM tubes contain the 
oouoting gas, which is usually a noble gas mixed with a small percentage of some halogen or organic gas to 
provide quendiing. Tyincd gas nuxtures are aiion and eduuiol,heUum and i8abtttane,Mid neon and a^ 

The GM counter is relatively inexpensive, can be used with every simple nrie metevs and scalers, has 
a very low threshold of sensitivity, sad is'rslstively trouble-free. Its high background, low counting efficiency, 
and inability to differentiate between two or more types of incident radiation can be disadvantageous in some 
applications. 

The GM detectors are used to count samples containing nejir-tracer levels of activity. Although all 
pulses produced in the GM tube are llie same size wfaedier they originate from a low or high energy beta 
particle, qualitative identification of beta emittefa in asnples of high enough activity esn be obtained by placing 
various thicknesses of aluminum absorbers between the sample and the GM tube. In this manner, the endpoint 
eneiiy, or E^, of tiie beta emissions from the source can be deterauned. 

Almost any phnchet is suittbie for the OM detector, and reproducible results will be obtained as hmg 

as the planchct diameter is smaller than the diameter of the GM tube itself. In a 1 1 2-inch thick lead shield, a 
ll/2-uu:h diameter tube will have a background of about 30 counts per minute. If the radioactive material is 
near the edge of a 2-incb diameter planchet, the counting efficiency is less than if the same activity is deposited 
near the center. Since the sealing wnndow must have a density thickness of about 2 milligrams per square 
centimeter, and there is an air path between the sample and window, there is a substantial absorption loss for 
beta energies less than 400 keV (E ). 



The counting efficienqr of this instniment is the lowest of those describ e d here, especially for low^ 

energy beta particles, because of the relatively thick window and poor geometry. Significant dead-time josses 
can occur if the count rate is high (above 10,000 counts per minute) and will usually be a problem only when 
dKinstramantisbeingcalibfaledatUglilevalsofaetivi^. If sample count rstes are exceasive, die sample nwst 
be oimnted at a greater distance from the tube. Normal losses due to dead<time are 0.5 percent per 1,000 ooimts 
permtnule. 

A pbriaan should he obtained at regular iotefvaU to ensure that the GM detector is functioning properiy. 

The plateau should not have a slope of more than 2 percent per 100 volts, and for a new tube should he about 
250 volts long. As the tube ages, the plateau will shorten. The operating voltage should be chosen at the lower 
lUrdof the plalean to prolong the life of tte tube. Eadi tube has its own voltage requirement, but moetoperete 
at voltagesof less than 2,000. 

Once this operating voltage has been determined, the tube should be checked against a performance 
standard at hMSt tiuee times each day - in the moniing, around noon, and at the doee of the woridng day. 
Badcground measurements should be made at least twice a day. 

Each Gdgei^MttetlerGoimterwiU be acoonqianied by an operating manual when purduued. IttdxNild 
he oonaulled for more specific information on calibration and operation of the counter. 



I 
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2. INTERNAL PROPORTIONAL BETA COUNTER 

The uiUsrnal proportional counter, previously discussed under a. Alpha Activity - 1. Internal 
PraportXMMl AlplM Couater, is aim useful for measuring gross beta activity. wli«e count lates ate apt to be 
higher dun in samples chen^ically separated to contain a single beta-emitting nuclide. It can be a satisfactory 
instrument for nneasuring levels of heta activity a.s low as S picocuiies per sample if long counting tiroes are 
u^. Even weak beta ctmttci^ can be counted, because the sample is within the counter itself. The detector 
has a 2^ geometiy, and counting efficiency can be ss high as 75 percent because of backscatter firom the 
pfamdiet. The incicased backscatter is a ftioctioo of beta eoe(|y said of the atomic number of the planchet 
malarial. 

When beta activity of a sample containing both alpha and beta emitters is to be measured, care must 
be taken to subtract the count contnbuted by the alpha emitters from the total count obtained at the beta plateau. 
The gamma counting efficiency is very low, ranging from approximately 1 percent for 1.0 MeV gammas to 
apptoxinnlely S percenl for 0.1 MeV fanuntt, aiid any oootributioiis fimn ganma emisaions can usually he 
nsflected. 

When the internal proportional counter is operated at approximately 1,800 volts, it becomes a beta 
counter, although alpha and ganuna radiations are also counted. There are therefore two plateaus, one for alpha 
and one for alpha plus hela-^unma emissioDs. The efficiency for counting alpha activity at voltages in the beta- 
gamma plateau is some what higher than that obtained at voltages in the alpha plateau. This ratio miKt be 
determined if the alpha count is to be subtracted from the beta-plus-alpha count to obtain the corrected beta 
activity. 

The plateau is determined by counting an extended source (2-inch diameter) having approximately the 
same heta energy as the samples. The operating voltage should be diosen about midway on the beta-gamma 
plateau. The plateau shouhl be checked at one^mooth intervals or whenever a new tank of ^ is installed. 

The background at the beta plateau of an unshielded chamber of 2 1/4-mch mtcmal diameter is 
approxioutely 55 counts per minute and is about 30 counts per minute for one shielded with 2 inches of lead. 

The counting efficiency is a function of energy, sample thickness, and backing material of the sample. 
Distribution of activity in the planchet is relatively unimportant, although the efficiency is somewhat lower at 
the edges of the dish. Table B shows typical effidendes for couatiiig fadiooncUdes of various avenge hela 
energies in the internal proportional counter. 

It is extrsmely important that the samples be conductmg to ground to eliminate a static charge buildup 
which will produce sporadic and inconsistent counts. This static buildup can be compared to formation of a 
cloud over the sample. During cloud formation, the counts would be suppressed, and when the cloud is 
removed (discharged) a burst of counts would be obeerved. Therefore, a noQ-metal planchet such as 
polyelhykae or glass cannot he used. 

The manufacturer's operating manual should be consulted for additional information on operating 
dMiacteriatics and trouble shooting. 
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Table B. Typical counting efTicienciei of the internal proportional b«ta counlcn for 



weightless samples 

KadkmiKlide Average Total 

Energy (MeV) Eflidcncy {%) 

*^ 0.046 S2 

0.062 S8 

"'I 0.180 65 

*Cl 0.252 70 

"^O*-'"^ 0.268 70 

"^Sf*^ 0.566 73 

"Sr 0.589 73 

"Y 0.615 73 

»P 0.693 73 

"Y 0.931 73 



Counting chamber diameter: 2 1/4 inches; 

Planchct dimensions: 2-inch dianveter by 1/4 inch bight 

0.018-inch thick stainless steel 



3. END-WINDOW PROPORTIONAL COUNTER 
AnplicrtioB 

End-window proportional counters ha\ e application tor counting moderate to high activity level and 

fiiriMB|ilflsliiat cannot be fixed weU in the plandiet or suqitoM LM:gecoiiolef8 of this type c«n be used 
to ooont high-vohmie air aunpleB mich as tlioae colleeled on 8-iiieh by lO-tneh glass fibw fUtefs. 

The end-window instnonent is less sensitive than die intenial proportional counter becanse of poorer 

siimple geometry and because of absorption losse.v in the air path and window. Although a ver>' thin window 
can be utilized lor alpha counting, it is not particularly recommended because of the end-window detector's poor 
efficiency lor alpha detection. It can be used as a screening instnimeot for alpha and low-energy beta emitters, 
but is uoBBitable for quantitative mMswemeot of Hieae enutters. 

Almost any type of planchet can be used with the end-window counter, but for reproducible results its 
dianeter muat be aoinev^ aliofter than that of die window. Then is no problem of static chaife buUdHip 
because die sample is extenial to die counter. 

( ))H'r.il inil 

Tin- erul-window proportional counter operates on esscntiallv the same principle as the internal 
proportional counter. The detector ordinarily ujies P-10 gas (argon-mcthanc mixture). 

rduniiii L' c-f ficiency of the end-window proportional counter is little more than half that of the internal 
proportional counter. Again, this is due to absorption of some beta particles in the air path and in the window 
material. The lower energy betas (E^ less than 300 KeV) and the backacattered events are especially 
atlf i Mial w I. 

Background is lower than that of the internal proportional counter because there is less detector area. 
Contaraiiiation is not as apt to occur because the sample is extenial to the counter. Background counts need 
be taken only once or twice daily unless a sample contacts die window or contaminates the inside of the shield 
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or supple holder. 

Pbtaaus should be taken at the aaine intervals and for the same reasons as for the internal proportional 
counter. Additional iafonnaitMiB on operntkm or trouble aiioctint will be found in the menHfiMitmer's operating 

(4) LOW-BACKGROUND BETA COUNTER 
A pplication 

The low-background beta counter is designed for measuring low levels of aclixity Its primary 
appUcalion is for the detenniaatioa of stroatium fission products in the environment, and xisa of the counter 
' dwald be leatfkted to samples of low to modeiato activity. It has tfie highwl sensitivity of any u omu i u n 
UbonttMy bete counter Un samples mounted in counting dishes. Hw iutnUMBt is sensitive to about O.S 
pioocurie per sample for energetic beta-emitters counted 100 minutes or more. It is possible to determine 
activity levels of less than one picocurie per sample tor the energetic strontium beta emitters. For betas having 
leas tfian 0.3 MeV, other oonnteis dnuld be ooosideied. 

The counting dish can be of almost any material depending on the chenucal procedure required for 
sample preparation. The diameter of die dish should be sonller than the diameter of Ifae counter to obtain 
reproducible results. The two most commonly used planchets are the stainless steel dishes and the nylon ring 
and dish types. For some applications, the nylon ring and disk offers the advantages of producing a more 
uniform sample and is easier to prepare. A thin Mylar cover is placed over the sample to eliminate loss of 
sample and to prevent contamination of dm counting chamber. The absence <rf a will on die plaocbet and die 
protective cover over the sample allows Ifae saniples lo le placed closer to the window of dw oountar, thereby 
yielding higher counting efficiencies. 

A low-background beta counter is shielded by two inches ut lead ur equivalent tu stop external gamma 
caya, and by coinddenee circuitry to reduce the contribution from coamic inlewctiona in the shielding artarial. 

The circuitry consists of one or more guard detectors placed over the central detect0f(8) SO that any ladialioo 
interacting in both the guard and central deteclor(s) is not recorded as a count. 

The detectors are commonly GM end-window tubes with diin windows (less than 0. 1 milligram per 
square centimeter) and a positive yas pressure maintained by a low purge rate. Sometimes P-10 gas (argon- 
methane mixture) is used, and the counter is then operated as a proportional counter. However, the detector 
is usually operated in die Geigei^Mueller region, usbg heliuaMsobutane as the gas, where the putaea produced 
are vt-n, lart'e and no additional amplification is required. The system is usually packaged as a complete unit 
of central detector, guard tubes, shielding, and scaler. The scaler will have the required high voluge and 
acfHuale regutsrs for the oentrsl deteaot(s) and guard tttbe(s). 

The counting efficiency for yttrium 90 distributed uniformly on a 2-inch stainless sieel planchtl placexl 
close to a 2 I /4-inch detector, is about 42 percent, and is about SO percent for the nylon ring and disk mount. 

For samples having activity levels of less than S picocuries per sample, adequate counting times in these 
instruments are usually 100 minutes or overnight. B a d ^ ro w d measureaients must be made at least once daily 
for 100 minutes or more. In the Geiger-MueHer mode of operation the backgrotmd ootatf rate Aould be about 
I count per uuiiute for a 2-inch diameter tube. When the detector is opeialed in the propoftiooa] mode, the 
bnckground count rate can be foitber reduced by use of discriminators. 

5. UQUID SCINTILLATION COUNTER 

A pplicat^ 

This instrument is particularly well miciJ :o counting low-energy beta emitters such aa tritium or 
carbon 14. By mixing the sample with the liquid scintillation medium, self-absorption losses are elimiiuited. 
Counting efficiency can approach 100 percent for high-energy beta emissions, but for those of carbon 14 and 
trititun the efficiency is much less. Use of the liquid scintiUatioa counter is not limited to counting low-energy 
beta emitters, but it or a method equivalent to it, such as gaaphaae counting, is eassutial for counting weak beta 
emitters with reliability. 
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Eariy models required placing the phototubes in a freezer to reduce the dark current noise to an 
aooeplablA level. Recent inqnoveneiils, bow^^ 
(lees tfMa ebout 30 picocuriee per sample for 

Opention 

In a liquid scintillation counter, the samples ;ind scinlillatcir torm a htimcii.'t.-nL-ous mixture in solvents 
such as toluene, xylene, and 1,4-dioxane. Light tlashes produced m the mixture are detected and amplified by 
llie phottmiultiidior tube. 

The samples are placed into a transparent or translucent bottle tn enable the light to be transmitted to 
the phototubes. As m any other counter, the calibration standard must contam the same radionuclide prepared 

in the same mediUIB. Tim hf*-gir«mH rmmt rmt^ im jWtMUMiMni liy wwrnrin J fhw arthnly of ■ IwOtU «imt«iiiifn 

both solvent and scintillator, since this mixture is the sensor and a slight amount of activiQr fluy be pweeat in 
the metenal itself. Background counts should be taken at least once each day. 

Most of the liquid sciotiUation counting systems designed for low level counting place two phototubes 
in coincidence. Only one is considered the detector, and it is connected to the analyzer. When both tubes 
receive a pul.se simultaneously, a count is registered equivalent to the energy of the radiation absorbed. When 
only one tube sees the pulse, no count is recorded. In this way the dark current, or pbotomultiplier badL^viiiBii, 

is practically eliminated. A discriminator is used to eliminate additional low energy pulses, but the weaker 
pulses from soft betas are also eliminated, thereby reducing the countmg efficiency for these emissions. 

The beta energy of the nuclide to be counted determines the discriminator setting and window widA. 
Window width is also dependent on whether or not there is more than one beta emitter present. 

Most liquid scintillation counters are coupled to an analyzer with at least two channels. This enables 
more than one beta emitier to be analyzed at tbe same time as long as their values differ by at least a factor 
of three. 

\!ore detailed information on operation of the liquid sdntlllatkin counter will be found in tbe 

manufacturer's instruction manual. 

c Gamma Adinty 

Gamma rays are electromagnetic radiations emitted by the nucleus as photons of discrete energies. The 
photons have no mass and have hi|^ penetialing power. Theiefate, sample preparation is generally much less 
ofa praUem for counting gsnuna emitters than for counting eidier alpha or beta emitters. 

Hie method for measuring ganuna activity is basically to capture part or all of the eneigy released 

through decay, and to convert it into a current flow or pulse which can be recorded. The gross count can be 
taken by totaling the pulses recorded on .scalers. For spectral analysis, the pulses are sorted out by energy, and 
the number of pulses counted in each energy band is stored separately. A pulse height analyzer is used for this 
qiectnd analysis. 

1. SEMICONDUCTOR DETECTORS 

A semiconductor is a m.itciial that can act a.s an insulator or as a conductor In electronics the term 
solid state is often used interchangeably with semiconductor, but in the detector field the term can obviously 
be applied to solid scintiHators. Therefore, semiconductor Is the p re fe r red term for dKMe detectors which are 
fidnicated from either elemental or compound single crystal materials having a band gap in the range of 
approximately 1 to 5 eV. The group IV elements Silicon and Germanium are by far the most widely-used 
aemioonductoni, although some compound .semiconductor materials are tinding use in special applications as 
development woric on them continues. 
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Table C shows some of the key characteristics ot various semiconductors as detector materials: 



Taible C. Elonent vs. Band Gap 



Material 



Z 



Band Gap 



Eiwixy/»4 IMir (eV) 



Si 

Ge 

CdTe 

GaAi 



48-52 
80-53 
31-33 



14 

32 



1.12 
0.74 
1.47 
2.13 
1.43 



3.61 

2.98 

4.43 

6.5 

5.2 



Semiconductor detadofs have a P-l-N diode structure m which the intrinsic (I) region is created by 
dqdetioiiafdiafiecanien wlienafeveiwMasisa|i|ili^ Wheii photoiu interact widiin IhB 

depletion region, charge carriers (holes and electrons) are freed and are swept to their respective collecting 
electrode by the electric field. The resultant charge is integrated by a charge sensitive preamplifier and 
converted to a voltage pulse with an amplitude proportional to the original photon energy. 

Since the depletion depth is inversely proportional to net electrical impurity concentration, and since 
OOUndllg efficiency is also dependent on the purity of the roatenal, large volumes of very pure matenal are 
needed to ensure high ooonting efficiency fiir high energy photons. 

Prior to the mid-1970*8 the required purity levels of Si and Ge could be achieved only by counter- 
doping P-type crystals with the N-type impurity, lithium, in a process known as lithiunHom drifting. Althou^ 
this pr(x:e.s.s is still widely u.sed in the production of Si(Li) X-ray detectors, it is no lOQger required for 
germanium detectors since sufficiently pure crystals have been avaitable since 1976. 

The hand gap figures in Table C signify the te m pera t ure sensitivity of die materials and the practical 

ways in which these materials can be used as detectors. Just as Ge transistors have much lower maximum 
opeiating temperatures than Si devices, so do Ge detectors. As a practical matter both Ge and Si photon 
detectors must be cooled in order to reduce the thermal charge carrier generation (noise) to an acceptable level. 
This requirement is quite aside from die liduunpradpitatian praUem which made the old Ge(Li), and to some 
degree Si(Li) detectors* perishable at room temperature. 

The moat comiinn medium for detector ooolinf is liquid nitrogen, however, recent advances in 
electrical cooling systems have made electrically r efr i gerated eryoetats a viaUe alternative for many detector 
applications. 

In liquid nitrogen (LN]) cooled detectors, the detector elemmt (and in some cases preamplifier 

Comp<inents). are housed in a clean vacuum chamber which is attached to or inserted in a LN; Dewar. The 
detector is m thermal contact with the liquid nitrogen which cools it to around 77°K or -200*'C. At these 
temperatures, reverse leakage cnrreots are m the range of 10* to 10*" amperes. 

In electrically refrigerated detectors, both closed-cycle Freon and helium refrigeration systems have 
been developed to eliminate the need for liquid nitrogen. Besides the obvious advantage of being able to operate 
where liquid nitrogen is unavailable or supply is uncertain, refrigerated detectors are ideal for applications 
requiring long-term unattended operation, or applications such as ottdersM Operation, where it is impractical 

(o vent LNj gas from a cunvcntiunal cryosUU to ite surrouadiag. 
Detector Structure 

The first semioooducior photon detectors had a simple planar atnicture similar to their predeoenor, the 
Silicon Sui t a. L Barrier (SSB) detector (see section on particle detection). Soon die grooved planar Si(Li) ' 
detector evolved firoffl ^tempts to reduce leakage cnnents and thus improve reaohitiaa. 

The ooaxial Ge(Li) detector was developed m order to mcreaae overall detector volume, and diua 

detection efficiency, while keeping depletion (drift) depths reasonable and minimizing capacitance. Other 
variations on these structures have come, and some have gone away, but there are several currently in use. 
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Pcrfonnancc 

Resolution: Semiconductor detectors provide greatly improved energy resolution over other types of 
nduUion detectors fur many reasons. Fuadamentaily, the resolution advantage can be attributed to the small 
Mwwot of eoergy miuired to pnidiice a cbaife ciiTiw 

detector types for the same incideat photon energy. At 3 eV/e-h pair (see Table 1) the numlber of dnf|0 

carriers produced in Ge is about one and two orders of magnitude higher than in gas and scintillation detectors 
respectively. The charge multiplication that takes place in proportional counters and in the electron multipliers 

shitiiHcui of cIhu)p produdiaiD. 

The fMUllaat metgy radactioo-lwV (FWHM) w. metgy for vuiouB detector types is ilhistnted in 
Table D. 

Table D. Energy Resolutkm vs. Detector Type 



(IceV) 5.9 1.22 1J32 

Proportional Counter 1.2 

X-nyNsKTO 3.0 12.0 

3x3NaI(TI) • 12.0 60 

Si(U) 0.16 • - , 

PbmarGe 0.18 0.5 

CoaualGe • 0.8 1.8 



Efficiency: The efficiency of detector niatL-ri;i!s is closely related to their atomic number. Table C 
gives the atomic nmiiber of common semiconductor detector materials and it is easy to see why silicon is 
relegated to use in die telatively low energy X-ray range. Although the compound setnicoiidiKton have high 
atomic numbers, charge trapping and other practical considerations have denied us lai^ge volume devices which 
are necessary for high energy gamma-ray spectroscopy. The discussaoos of eflkienqr oeoter mainly on the Ge 
detector. 

At low energies, detct lor ctTicicncy is a function of cros.s-.sectional area and window thickness while 
at high eoMgies total active detector volume more or less determines counting etiiciency. Detectors havmg thin 
conlacts, a.g. Si(Ii), Low>EiMfgy Ge and Reverse Electrode Ge detecton, are uaoally equipped with a Be 
cryoatal window to take fidl advaatage of their intrinsie energy reapoue. 

Coaxial Ge detectors are specified in tenns of their relative fidl-eoergy peak efficiency compared to 
that of a 3x3 in. Nal(TI) Scintillation detector at a detector to BOiuoa distance <rf 25 cm. Dete^ore of greater 
than 100% relative ctTiciency have Kvn fabricated from germanium Ciyatab ranging Up tO SbOUt 75 tXUD in 
diameter. About 2 kg of germanium ij> required for such a detector. 

2. GROSS GAMMA CX>UNTER 

A pplication 

A gross gamma counter is frequently u.sed as a screening device to provide a rapid means of selecting 
from a group of environmental samples those which have a relatively high activity. It is also used in tracer 
experinieats where a known ndioouclide is to be counted, as in determining chemical yield for an analjrtical 
procedure by use of a tracer. Depending on the type of sam|rfe to be counted, a solid or a well crystal detector 

can be used for these applications. 
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A relitively null ciyital gcintillalor, nidi as a 2-iiidi by l-inch richt cyUnder, ii fiaciimlly und for 

gross gamma counting K-causc total absoqition of the gamma rays is not nfci's<airy Any partial interaction with 
the crystal which produces a pulse above the threshold will register as a count. Shielding is desirable, but it 
need not be miniva. About 1 indi to 1-1/2 indiee of lend, or equhrelmt, is adequete for most appUcsdoiis. 
With this amount of afaieldiog, • l-inch by 2-iiKh ciyatal wUl have a badqinmnd of appmxuutdy 300 ooonls 
per minute. 

A idMtoaaullipliertitedelecIs die U^fbdws produced in the ciyslal sd^^ Tbe output fipam 

thi"; tuHe is coupled to a scaler having an amplifier, or an amplifier is inserted as a separate component. 
Although a simple scaler may be adequate, low-energy sources, in particular, may require a relatively stable 
bi^ voltage supply. 

The gro.ss gamma counter is the simplest and cheapest of the gamma counters routinely u.sed in the 
labotatoiy. Its principal limitations are that it has no energy discrimination and that its relatively high 
backfioond makes it uaefol only for samples of fiuily high activity. 

As for all gamma counlmg, gross gamma countmg requires mimmal sample preparation because self- 
abaofption losses are not a major problem. For the same leason, almost any sample configurstiao can be used. 

It is important, however, to maintain a constant geometrical configuration for a given sample type and to 
calibrate with a standard having the same configuration a.s the sample. Even where only relative counts are 
needed, as for checking chemical procedures, the geometr)' must be kept constant for all count rates being 
oompaied, or it must be calibndad for a variety of sam|de sizes and configurations. 

For most gamma measurements, a discriminator should be used to eliminate much of the low-energy 
conqxineot of backgroimd. An optimum setting can be obtained by taking ooants at various discrindnator 

settings, both from background and from a source. The best discrimn r i aini.' f r a ijiven gamma energy 
is the setting at which the highest value of the ratio SVB is obtained, where S is the sample count rate and B 
is the background count rate. 

Cross gamma counting efficiencies vary with energy, hut they are quite high hesause only a partial 
interaction is needed. For spectrometry, however, total interaction of the gamma photon is needed if the pulse 
is to be reoonled under the pholopeak. 

Background should be measured twice daily or more^ often if high activity sources are beiug moved 
about nearby. A change in position of these sources will affect the background. 

3. GAMMA SPECTROMETER 

A pjilioiion 

Gamma spectrometry is used extensively to identity radionuclides. The spectrometer becomes a 
quantitative tool with suitable calibration and background daU accompanied by measurement of spectral 

inteffennoes. Self<«b«oiptioo losses aie negligible, so large-volume sanvles can be scanned with little or no 
prior prcp awti ou. 

The spectrome t ers itre pulse height analyzers of the smgle-chsnnd! or multi c h a nnel type. Theyarenow 

coupled to computer systems giving them gre^t flexibility and many 'automated* SOftwaie packages to perfonn 

calculations at high speeds. A pulse height analyzer sorts pulses according to energy expended in the detector. 
The multichannel analyzer simultaneously sorts and records pulseg falling in many ditiereni energy bands or 

tnctenmts in a given time interval. For a given analyaer, the total energy rsnge scanned is divided into equal 
incmneots called channels. The single chaimel analyzer delects and records pulses in only one energy hand 
at a time. The single-channel analyzer is adequate for counting tracer levels of activiQr, but for low activity 
samples, ttn mnlttcbaniiel ntSiynt is fwwiBiial btfaws ft of the nxoessivo countiitg tune requind to cover a 
apectnun channel by diannd widi a shigle-diannel analyaer. 

Either a 3-inch by 3-inch or 4-inch by 4-inch right cylindrical thallium-activated sodium iodide 
(NaI(TI)) crystal provides optimum sensitivity for gamma energies up to 2 MeV. These sizes are therefofu 

used for environmental samples containing fallout debris and natural radioactivity. For low-activity gamma 
spectrometry, the phototube base should be removed and a nni-metal cover should shield the tube to prevent 
magnetic fields firom distorting the spectnu 
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Low-«oergy gamma spectrometry (Ey < 150 keV) requires a very thin crystal less than 0.5 inches 
diiclc enclosed by a thio protective can. This thin crystal can also be used to detect the X lays eautted by some 
radionuclides to help identify the components of a sample spectnun. Veiy high-eoeixy ganuna photons (E7 > 

2 MeV ) are not seen efficiently by the thin detector. Since the predominant gamma energies of gsnuna emitlBIS 
in must environmental samples are less than 2 McV, large crystals will not be discussed. 

The Crystal Detector 

A detector fat dm gmnma spectrometer systems in addition to the solid state detectors as in section 1. 
is a sodium iodide crystal optically coupled to a photomultiplier tube. The tube is oonoected into the analynsr 
through a pre-amplifier and linear amplifier. The analy7.er records each pulse in its proper channel or energy 
increment. Each channel rcprcscnls a certain amount of energy absorbed in the crystal. The spectrum .shows 
a clHuacteristic pholopeak at the fuU eneify of the gamnm ray, and at lower eneify Rigim 
arise from partial interactions of the gamma rays uith the cryst^il. By knowing the decay schemes of 
radionuclides, it is possible to identify specific isotopes by theu gamma energies. 

Crystal size is very impoftaat in ganuna spectrometry. If too large a crystal for the application is 
chosen, the hackgnninJ u ill he unnecessarily high. If a cry stal is loo small for the enerL'ie'^ Keing scanned, the 
photopeak countm^ clticiency will be low because few of the gamma photons will expend their full energy in 

ttemystal. The detector is eneigy dependent, the efficiency being lower for higher eneifies. This is especially 

noticeable in pulse height analysis, because the entire photon energy must he spent in the crystal to he recorded 
under the photopeak. This type of interaction is called photoelectric, and it is the most important interaction 
in gamma spectrometry. 

All higher energy photons contribute to a lower region nf the energy spectrum because of Cmiipton 
interaction. In the Compton interaction, only a portion of the total energy is absorbed in the crystal and the 
ramahider is scattered out of die crystal. The energy abaoihed is recorded ss a pulse ui a chaimel beknv that 
of the- photopeak. The amount of energy lost by this pnKcss is somewhat energy dependent, but it can be from 
almost full energy to only a small percentage of the total energy of the gamma photon. Frequently there are 
multiple Comptoo interactioiu, and if they occur b the crystal, the total energy absorbed will be additive. In 
some instances, die sum may equal the full gamma energy of the photon, and the pulse will dien be recorded 
under the photopeak. 

Another form of ganuna interKtioo important to gamma spectrometry is pair production. This process 
occur>; only at i:amma energies above 1.02 MeV. One electnm of the pair is negatively charged, and the other 
positively. Ilie positively charged electron, positron, is slowed down until it interacts with a negatively charged 
electron sad botti are annihihited. Their rest mass energy of 1.02 MeV is converted to two photons, each 
having an eoacgy of 0.S1 MeV, which are amiltwd in oppoMte direotiona. 

This conversian results in a peak in the ganuna spectnun at 0.51 MeV. If the counting geometry is 

such that both of the photons can interact wiUi the detector simultaneously (as in a well-type detector), a sum 
peak at 1 .02 MeV will be obsen. ed. 1 1 . hi>wever, one or both entirely escape the detector, there will be peaks 
observed at energies ot 0.51 or 1.02 MeV less than the lull energy of the photon. 

Counting EfBdeacv 

The term "total efficiency" denotes the ratio of the iwt ganmia courdsohaerved in a peak spectral legioB 
to the total number of disintegrations of the radionuclide of interest in the same period of time, and is 
determined by die following equation. 

Total efficiency (%) - Observed counts m neak region - background in neak region x 100 

Total disint^ralions 

If the activity of a standard is given in terms of total disintegration rate, die gamma abundance is not 

needed to determine the photopeak efficiency of a particular radionuclide. A radioactive standard of nilfaenium 
106-rhodium 106 ('*^Ru-'*'*Rb) will serve as an example. Let Uie following information be given: 

"*Rtt activity in die saaqde - 100.000 dpm 

'°*Rh (daughter of "*Ru) gamma energy = 0.51 MeV 
Abundance of the 0.51 MeV gamma of "^Rh = 20% 
Net gamma count rste between 0.44 and 0.56 MeV - 2000 cpm 



Copyrighted malsriaf 



67 



The equatico can then be written in one of three ways: 

1) "lltt or Eflf. (%) - NetcmniniiMkHMrinn x 100 

dpm b saaople of ■"Ru or ^ 

2J2Q2_xlOO 
100,000 

2% 

2) "'Ru-*'^ Eff. (%) = Net cpm in peak region x 100 

dpm in sample of '**Ru-'°'Rh 

2.QQSLX100 
200,000 

1 ft 

3) 0.51 MeV Eff, (%) = Net cpm in peak region x 100 

dpm in aamfde x ganona abiiwhncn 

2.000 X 100 

100.000 X 0.20 

10% 

In the liunl case, tfae efficiency for the 0.51 MeV gamma photona would aotuaUy be leas tiian 10% 
becaiUB the 2.000 coimts in the photopeak region include Cooaploo intenctioins ftom higher eneigy ganuna 
emiaaions iiom ""Rh. 

Oiapha of gaauna alficieticy plotted against gamma energy can be very usefid if die gamma abundance 
valnea are accurately known and if the standard is precisely rated. If a range of gamma energies is (obtained 
and the gamma abundances are known, it is possible to predict the gamma efficiency for an unknown 
radionucttde. 

Reaolution ia a tneaaore of die ahaipneaa of 8 photopeak and it detefninea the ibiyty of a del^^ 

separate or distint'tiNh Ktwecn the peaks of ganuna rays having flimilar eneigiea. WiflxNit good raaohitkm, 
photopeaks of similar energies are difficult to quantify. 

Reaoltitioa is calciihited by the following formula: 

The units of energy can be either channel number of MeV, keV, etc. for purposes of calculation. 

Raaohitiao (%) " peak wi dt h in eneryv at half niai ;||[npin «"" pt rate x 100 

peak energy 

Resolution is a function of energy, and in general it decreases with increasing cneigy. Cesium 137 
has been generally accepted as the standard for comparison of resolution. It is therefore important to specify 
the energy in reporting resolution when it has been determined at photopeaks other than 0.662 MeV peak of 
cesium 137. A typical resolutioo for a 4-iiich by 4-uich NaI(Tl) crystal with a 3-inch phototube ia about 8.5 
percent of cesium 137. 

Linearity 

Before any calibration or sample counting can be attempted, the analyzer must be linear. To determine 
diia, a ctwdMiudioo of accurately known gamma energies covering a substantia] portion of the spectral region 
of inteieBt must be measured. Gamma energy is thL n plotted against the channel number at which its photopeak 

occurs. Zero energy should he at the origin, and a nearly straight line with a slope appro.ximately equal to one 
should be obtained. If the analyzer is linear, charmel number 25 should represent one-fourth the energy 
nprasented by channel number 100. 
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Noo-lineahty c«n be corrected by analyzer adjustments described in the manufacturer's mstruction 
maul. DtHy dwcks flhould be nade to flomie tfMC the qnt^ 

The advent of imihicluuiiiel pulae hdght imlyris ganoM apeetronetiy initiated aa eotirdy new nwdiod 

of collecting data. At first, all re-sults were qualitative, but invariahly the que-sti»n ar ^sj it" how much of each 
was present. The queatioos was first asked in reference to iodine 131 in milk !>amples because of the 
■iguficaiMe of dus radionttclide as a poieatial health hazaid. 

The first approach to quantitating individual components in a mixture of gamma emitters was to smooth 
off the bottom of each peak at the Compton continuum, and relate area under that peak, in counts per minute, 
to die diiiiitegfatiannte of the nuclide npraaenled. As a nfinement of this, apectnim stripping was developed. 

In this procedure, individual components wera giq)hically separated. Next came the simultaneous equation 
a|lproacb for unscramblmg the spectrum, and raoenUy the least squares method and modifications of it have been 

Before any spectral analysis can be performed, a library of spectra must be obtained for all the 
radionuclides of interest in all the various sample sizes and shapes. This channel-by-channel s^xsctral 
infonnation is oeceaniy not only fiir calibfatioa purpoaes but also ftv quantifying the data obtained firom 
ladionuclide mixturas. 

^^^^^^^^^mA^^^^ ^^fe^^^^AS^k^A^A^Mk jA^A^L^^^^^^^^^^^ 

comptoii coatMmam SMMiactiiin 

The easiest way to obtain an estimate of the activity for each radionuclide in a spectrum is to smooth 
off each pbotopeak and determine the contribution to that photopeak from the gamma photon occuiring at that 
eneigy. 

The difference between the count rate on the dotted line and the count rate at the peak repretients the 
contribution from the gamma photon producing the peak. As an example, chaxuiei IS has 5000 counts and the 
dotted line passes through the 1000-«ount portion of the gnqib. The contribution of diis photo p eak to channel 

18 is 4000 count-s. The 1000 counts represents the Compton contribution from gamma photons of higher 
eneigy. If the counting efficiency for this radionuclide was determined over five channels, then two channels 
on each side of die peak must be used to obtain a corrected count rate. The net counts per minute are then 
divided by the efficient to obtain the disintegration nie. 

This method is satisfactory when the peak is fairly well defined and when no other photopeaks are 
innnediately adjacent and overiapping the peak being quantified. The mediod only corrects Ibr COmpton 

inirrfen-nce. gamma photons interaeling with less than their full energy. At best, the corrected result is an 

approximation which is quite satisfactory if the photopeak is relatively high compared to the interference. It 
is not satisbetory, however, if the peak IS only dightly above the Otmyton continuum. Hie placement of the 
dotted line involves some subjective judgment, but diis is not a serious problem when the same analyst interprets 
qtectra from both standard and sample. 
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D. METHODS OF ANALYSIS 
(1) Gmnina-cniitting Radionudidcs 

(a) Iodine-131, Barium- HO, and Cesiuin-137 in Milk and Other Foods 
Gttnma-Rqr SpfldroHoiiic Method 

A. trincipU 

Applic;)h!c to '■'!. '*Ba, and '"Cs in fluid milk prcscncd with MCHO and I and Cs in foods. Because 
of the nature of gamnu-emitting radionuclidt», attenuation of gauuna-rays in food slurries or mixture would 
be Mmilar to that of milk or H2O. Unlike in milk sunples, other radioouclides might be present in foods. 
Therefore, before performing calculation; ganmM-ny energy flpectnun should be inspected for any radionuclides 
besides *'K. "'I. "'Cs, ;ind '*'Ba. Since cessation of above-ground weapons testing in the 1960s, no other 
gamma-ray emilter!> have been regularly observed or detected in food. (Should any be detected, matrix technique 
should be expanded using standard source for suspected radioauclide to deternune matrix coefficient.) 

ICnown volume is placed in counting vessel positioned over and around right cylinder scintillation 
cr3K8tal detector. HaI(TI), of multichannel gamma spectrometer. Gamma radiation is counted for given time. 

Accumulated pulses from selected photon energy rant-c arc separated fipom Other gamma-emitting radionuclides 
and background radiation by simultaneous equatmns. *'K is always present as natural contaminant in food and 
will contribute counts in 1 or more of photupeak ranges. Mutual interferences among these 4 photopeaks are 
eliminated by applyiog oMtrix techoique to separate activities of the 4 nuclides. Measurement of ane standard 
source of each oudide provides die matrix coefRctents. 

In qwcial cases, newly formed fission products may be present, e.g., '^I and which may interfere 
eitlierthnMI^<finetOVBrlappingof pholiipcaksor by conlrihutmg Compton-continuum counts. Such int. : tt u nee 
may be nunimized by waiting for decay of short-lived radionuclides, by additional counting following decay, 

or by chemical separation. 

B. Appantus 

(a) y4AgnmenrMiimsr.— Gamma niy energies, at least 1 near '^Cs spectnim. with well known eoeii:gies 
and abundance of gamma rays in photopeaks, for alignment. Solid sources, ca 0. 1 /iCi, aie prsfoned over liquid 
sources. ^'Bi is satisfactory single source with several photopeaks; ""Cs and "'Co are good pair. 

(b) Cou/i/er. — Low level ganuiu spcctroincier consisting of .shielded Tl-activuteci Nal scintillation 
detector, 4 x 4 in., coupled to multiduumd pulse-height analyzer and readout system. 

(c) Counrins; vessel (Mmiiiclli /xaArr).— Use 3.5 L beaker, for 4 X 4 in. detector. Beaker and lid 
available from plastic laboratory-ware suppliers such as Bel-Art Products, Industrial Rd, Pequannock, NJ 07440- 
1992. No. H268S2 for beaker and No. H26S87 for lid. 

C. Reagents 

(a) Carrier sobahns.— 10 mg/mL. Prepare soluHons of CsCI (1.267 g/100 mL). Nal (1.181 g/100 
mL), and BaCl,-2H_,0 (1.779 g/IOO niL). Store in polyethylene or gla.ss bottles. 

(b) Stock standard solutions.— \Q 000 pCi/mL. Dilute calibrated solutions of "'!, and "^Cs to 
approximate indicated strength. 

(c) P(>t(Lssium-40 stock siantliiid soluiion. - - 1 .R9 dpm (disintegratians/min)*K/mg K. Dissolve 240 
g KQ (equivalent to 126 g K) in 3 L HjO in Marinelli beaker and dilute to 3.5 L. 

(d) Calibrating solutio/is.— For " Cs and '*'iia, aJd 3-5 iiiL cuniei solution, (a), lo 3 L H^O in 

Marinelli beaker, mix. add convenient amount of stock standard solutioo (b), sufiRcieitt to reduce counting emu 
to ca I % when counted within 10-100 mio, mix, ai^ust pH to 3.5-4.5, and dihiteto 3.5 L. Prepare "'I soluliOD 

similarly, but adjust pH to 8.5. 

D. Pinepantton (^Sample 

No special preparation is needed for milk samples. For other foods, do not include incdilile maienul 
such as bone, apple cores, nut shells, and egg shells as part of sample. Homogenize sample in Uender or 

mechanical homot'cnizer. Dietary samples prepared for COUSUOiptioO do not require blending, but UlUSt be 

sufticienlly mixed to ensure representative sample. 
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£. Deunmaatiott 

Using alignment sources centered on detector, adjust spectromeler to cover range at least between 0 
and 2 MeV, in intervals (channels) of 10 or 20 kt V. Adjust voltacc or gain tdnlrol so that the 2 gunmi 
photopeaks of standard fall in their appropriate cliaiuicl;>. Cbtxk and adju!>l uli^jnincnt daily. 

PiM0 Mariaelli beaker caataininc 3.5 L calilnatiiig aolution (d), over detector, and count standard fiM* 
time (10-100 min) sufficient to reduce counting error to c;i 1 . Repeat with each calibrating solution and with 
HjO. Recalibrate spectrometer yearly or more frequently if gamma ray resolution changes. 

Transfer 3.SLwdl nixed nitt sample at room tempetatiirB into Marinelli beaker, place over detector, 
and count 100 min or time suffiGient to give desired counting statistics. 

F. Calculations 

(a) Counter efficiency. — Total individual counts obs^-rNcd in chmnels of jihotopeak nmge for each 
calibrating solution. Subtract total background count for same phutopeak range. Divide net count by countuig 
time in min and amoont of radionodide in pCi, and record cpm/pCi for each. 

(b) /m«r^!rr/ice CD^dettl'.r.— When counting standard solution of each radionuclide, '^'I, ''''Cs, '^a, 
'"K, ratio of net counting rate in energy range of each of the other radionuclides to net counting rate in its own 
photon energy range gives its fractional interfering coefficient for each of the other energy ranges, e.g., '^'1 
ratio of net counting rate in '^'Cs energy tange to net counting rale in "'I photon energy nnge gives its 
fractional interfering coefficient fur '"Cs energy range. 

Designate coimting rate for "'I, '*Ba, '^^Cs, and *K with symbols I, B, C, and K, respectively. 
Designate net counting rates (observed— background) in their respective photon energy ranges as N„ N^, N,, 
and N., respectively. Then, f, fractional coefficients or contributions of nuclide in particular ruiii^ ■, designated 
by 2 lower case subscripts; first one indicates nuclide contributing coimts to energy range (column) and second, 
nuclide photon energy range (row). The foUowing 4 equations: 

<1) = I + 4, B + f„ C + f^ K 

(2) N, = f» 1 + B + f^ C + f«, K 

(3) N,= ftel + + C + f^K 

(4) Nk - fft 1 + ^ B + ^ C + K 

can be solved simultaneously by matrix algebra, using inversions to provide numerical constants W, X, Y. and 
Z in equations S, 6, 7, and 8. These constants are used to solve for concentration of each of these 4 nuclides 
in sample. Net counting rate for each nuclide is: 

(5) »»l -l-W,N, + W,Nfc + W,N, + W^j 

ijS) '■"Ba = B = X,N, + X,N„ f XjN^ + X,N^ 

(7) '"Cs = C = YjN, + yX + YjN. + Y^N^ 

(8) «K =K = Z,N, + Z^Nfc + ZjN, + Z^N^ 

Calibration to derive values for constants in equations S, 6, 7, and 8 is applicable as long as instrument 
alignment ami mode of operation remain constant and gamma-emitting niKlides are limited to the 4 dements 
in matrix. Long-hand inversion of 4 X 4 matrix is tedious and subject to mistakes. Use of computer is 

recommended to provide numerical constants for equations 5-8. Thereafter, desk calculations can determine 
concentrations of '-^'1, ""Ba, '^'Cs, and in samples in absence of computer by sumiiung counts in each 
pbotopeak, subtracting background, and applying equations 5-8. 

(c) h'iHiic-l 31 , hanum-140, cesiuiii-l 37 , po!ii.\sium-40 activities.— Piom spectral gamma counts of 
sample, substitute net value from equations 5 through 8 and convert net countsymin for each nuclide to pCi/L 
milk at time of counting: 

'''l(pCi/L) = (net cpm)i/(Ei X V) 

'*Ba(pCi/L) = (net cpmV(Efc X V) 
'**Cfe(pa/L) = (net cpmy(Ec x V) 
*mpCi/L) = (net cpmV(E| x V). 

mtoe E|, Eb, E«, « cowling efficiency /pCi from standard solutions for "'I, '*Bb. "'<^, respectively, 
and V ~ sample volume, L. 
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(b) Iodine-131, RuUieniuiii-106, and Ccsiuiu-137 in Fuuds 
Ganum^aiy ^wctroscopic Method 

A. Principle 

Applicable to "'I, '*'*Ru, and '^'Cs in foods. Because of the nature of gamma-emitting radionuclides, 
attenuation of famma-rays in food slurries or mixture would be similar to that of milk or HjO. Unlike m milk 
snnples, odier ladkmuclidei might be present in foods. Therafore, befom performing calculation, gamma-ray 
energy spectrum dKniM be inspected for any radionuclides besides ^K. "'I, '"Cs, and '"'Ru. Since cessation 
of above-ground weapons testing in the 1960s, no other gamma-ray emitters have been regularly observed or 
delected in food except '^*Cs. (Sliould any '^Cs be detected, matrix technique should be expanded iisiQg 
Standard amuoe for suspeeied radionuctide to determine matrix ooefficteot.) 

Known volume is placed m counting vessel positioned over and around right cylmder scmtillation 
ciyalal detector, Nal(n), of multichannel gamma spectrometer. Gaimiia radiatioii is oomrted for given time. 
Accumulated pulses from selected photon energy range are separated from other gamnMhemitting radionuclides 
and background radiation by simultaneous equations. '*'K is always present as natural contaminant and may 
contribute counts in one or more of photopeak ranges. Mutual interferences among these 4 photopeaks are 
eiiminaled by aiipl^agnttiix techniqae to sqMnte activities of die 4 nuclides. Measurement of one standard 
souroe of each nuclide provides the matrix coefficients. 

In special cases, newly formed fission products may be present, e.g., '"I and which may interfsre 

either through direct overlapping of photopeaks or by contributing Complon-continuuracounts. Such interference 
may be minimized by waiting for decay of short-lived radionuclides, by additional counting following decay, 
or by chemical separation. 

B. Afpamtta 

(a) Attgnnmtsoffrces.—GteuM ray energies, at least 1 near '^Cs spectrum, wtdi well known eoergies 
and abundance of gamma rays in pholOpenlGB« for alignment. Solid sources, ca 0. 1 /tCi, are preferred over lic|uid 
sources. ""Bi is satisfactory single source with several photopeaks; '"Cs and '"Co are good pair. 

(b) Counter.— how level gaauua spectrometer consisting of shielded Tl-activated Nal scintillation 
detector, 4 x 4 in., coupled to multichannd pulse-height analyzer and readout system. 

(c) Couiuiii;^ vessel {Marhielli beaker).— Use 3.5 L beaker, for 4 x 4 in. detector. Beaker and lid 
available from plastic laboratory-ware suppliers such as Bel-Art Products, Industrial Rd, Pequannock, NJ 07440- 
1992, No. H268S2 for beaker and No. H26S87 for lid. 

C. Rtagents 

(a) Cenimr sotutioM.— 10 mg/mL. Prepare solutions of CsCI (1.267 g/100 mL), Nal (1.181 g/100 
mL),'and RuCI, {2.06 g/IOO mL). Store in polyethylene or glass bottles. 

(b) Slock standard solutions.— \0 000 pCi/mL. Dilute calibrated solutions of '*Ba. and '^'Cs to 
approximate indicated strength. 

(c) Polassium-40 slock siamlurd sululioit. — 1 .89 dpm (disintegrations/min) '^/mg K. Dissolve 240 
g KCl (equivalent to 126 g K) in 3 L H,0 in Marinelli beaker and dilute to 3.5 L. 

(d) Calibraiing solutions.— ¥ox "'Cs and '"'Ru, add 3-5 inL carrier solution, (a), to 3 L H2O in 
Marinelli beaker or other standardized volume, mix, add convenient amount of stock standard solution, (b). 

sufficient to reduce counting error to ca 1 % when counted within 10-100 min, mix. adjust pH to 3.5-4.5, aod 
dilute to 3.5 L or other standard volume. Prepare '-"I solution sitmlarly, but adjust pH to 8.5. 
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D. IhtpamSon ef Sample 

Food samples do not include inedible rn;»terial such as bone, apple cores, nut shells, and ej.'g shells as 
part of sample. Homugenize sample in blender or mechanical bomo^enizer. Dietary samples prepared for 
oonnimptioB do not raquiie blending, but must be suflki«iitly mixed to ensure lepresentative sanyle; 



E. Detenmnation 

Using alignment sources centered on detector, adjust spectrometer to cover range at least between 0 
and 2 MeV, in inter\';ils (channels) ot 10 or 20 KeV. Adjust vciltaL'e or gain control so that the 2 gMUmn 
pbotopeaks of standard tall in tiicir appropriate channels. Check and adjust alignment daily. 

nice Mariaelli beaker containing 3.S L calibrating «riution or otber standardiaed container, ie 400 mL 
plastic container (cottage cheese type)(d), over detector, and count standard for time (10-100 min i sutTicient 
to reduce counting error to ca I %. R^)eat with each calibrating solution and with HjO. Recalibrate spectrometer 
yearly or more fteqtiently if gamma ray resolutian changes. 

Transfer 3.S L well mixed sample at room temperature into Marinelli beaker or other standard volume, 
place over detector, and count 100 min or time sufficient to give desired counting statistics. 

F. CdeukMmu 



(a) Counter efficimcy.—ToVil mdtvidual counts observed in chaimels of phoiopcak range for each 
calibrating solution. Subtract total background count for same photopeak range. Divide net count by counting 
time in min and amount of radionuclide in pCi, and rea rJ cpm/pCi for each 

(b) /fl/CTf^rMCfroe^^oV/iM.— When counting standard solution of each radionuclide, '"1, '"Cs, '"*Ru. 
ratio of net counting rate in energy range of each of the other radionuclides to net coiuting rale in its own 

photon energy range gives its fractiomd interfering coefficient for each of the other enetgy nngea, e.g., "'I 
ratio of net counting rate in "'Cs energy range to net counting rate in '^'I photon energy range gives its 
fcBCtional intcrtermg coefficient for '"Cs energy range. 

Designate counting rate fbr "'I, '''^Ru. "'Cs, and *K with symbols I, R, C, and K, respectively. 
Designate net counting rates (observed— background) in their respective photon energy ranges as Nj, N„ N^, 
and N^, respectively. Then, f, fractional coefficients or contributions of nuclide in particular range, is designated 
by 2 lower case subscripts: first one indicates nuclide contributing counts to energy range (column) and second, 
nuclide photon eneigy range (row). The following 4 equatioas: 



CD Nj = I + t« R + C + fu K 

(2) N, = f,I R + n,C + fyK 

(3) N, = f,, I + t,. R - C f f.^ K 

(4) Nk = fn 1 + i^R + C + K 



can be solved snnult ineously by matrix algebra, asing inversions to provide numerical constants W, X. Y. and 
Z in equations 5. 0, 7, and 8. These constants are used to solve for concentration of each of these 4 nuclides 
in sample. Net counting rate for each nuclide is: 



(5) 


tj,, 


= I = W|N, 


(6) 


"*Ru 


= R = X^hi, 


m 


"'Cs 


= C = Y,N, 


(8) 


«K 


= K - Z,N, 



+ W,N, + W,N, + W,Nk 

+ xjj, + X3N. + xjk^ 

+ Y^N, + YjN, + YA 



Calibration to derive values for constants in equations S, 6, 7, and 8 is applicable as long as instrument 
alignment and mode of operation remain constant and gamma-emitting nuclides are limited to the 4 elements 
in matrix. Long-hanJ inversion of 4 X 4 matrix is tedious and subject to mistaki s, \Uc of computer is 
recommended to provide numerical constants tor ei|uations 5-8. Thereafter, desk calculations can determine 
concentrations of '"I, '"Ru, "^Cs. and *K in samples in absence of computer by summing counts in eadi 
photopeak, subtracting background, and applying eijuations 5-8. 

(c) lodiiU!-l3l, niiheiiiiii!(-I()6, cesium-1 37, potassiuin-40 activities. — From spectral gamma counts of 
sample, substitnto net value from equations 5 through 8 and convert net counts/min for each nuclide to pCi/L 
at time of counting: 
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"'I(pCi/L) = (net cpm)i/(Hi x V) 

■"%ii(]ia/L) - (net cpmVCEk X V) 

'"Cs(pCiAL) = (net cpm)7(E, x V) 

*K(pCi/L) = (net cpm)k/(Ek X V), 

where E,. E„ E,, E^ = couotng efficieacy/pCi from standaid MlutKNis for '^^^ "'Ru, "'Cs, itspectively, 
and V - sample volume, L. 



Copyrighted material 



74 



(c) Ccsium-134/137 in Foods 

GaiBni»-IUi3r Spectroscopic Method 

A. Prbu^ 

See (b) *Iodiiie-Ul. Rutbeaium-106 and Cesium-ia? in Foods' 

B. ApponOus 

See as in 'A. Principle' 

(a) Carrier solutions.— 10 mg/toL. Prepare solutionsofCaCI (1.267 g/lOOmL). Store in polyethylene 
or {laas bottles. 

(h) Stock snuulard solutioHS.— 10 000 pCi/mL. Dilute calibrated solutions of and ^'Cs to 
approximate indicated strength. 

(c) Potassiunh40 stock standard st^ion,— 1.99 dpm (disintegrations/min) *Kfmg K. Dissolve 240 
g KCI (equivalent to 126 g K) in 3 L H.O in Marinelli beaker and dilute to 3.5 L. or other standard volume. 

(d) Calibrating solutions.— For '"Cs and '^Cs, add 3-5 mL carrier solutuui, f;i), to 3 L H-O in 
MarineUi beaker or other standard container, nux, add convenient amount of stock .standard solution, (b), 
sufficieiit to reduce counting enor to ca 1 % when counted widiin 10-100 min, mix. a4iust pH to 3.S-4.S. and 
dilolB to 3.5 L or odier staadaidized volume. 

D. PrtpamHon of Sample 

Food samples do not include inedible material such as bone, apple cores, nut shells, and eg^ shells as 
part of saaaple. Homogenize sample in blender or mechanical homogenizer. Dietary samples prepared for 
ooiuumptioii do not letpiiie bleoding. but must be sufiicieoUy mixed to ensure representative sample. 

E. Determination 

Using aliL'i.inent sources centered on detector, adjust spectrometer to cover range at least between 0 
and 2 meV, m intervals (channels) of 10 or 20 keV. Adjust voltage or gain control so that the 2 gamma 
photopeaks of standard fall in their appropriate channels. Check and adjust alignment daily. 

Place calibrating 80lution(d). over detectur, and count standard fur time (10-100 min) sufficient tO 
reduce counting error to ca I % . Repeat with each calibrating solution and with HjO. Recalibrate spectrometer 
yearly or more frequently if gamma ray resolution changes. 

Transfer well mixed sample at room temperature into standaidined container, place over detector, and 
count 100 mm or time sufficient to give desired counting statistics. 

F. Caladadoiu 

(a) Counter tfficirnry. —TnUi] indis idual counts obser\'cd in channels of pholopcak ranye for each 
calibrating solution. Subtract total background count for same pholopcak range. Divide net count by counting 
time io min and amount <rf radionuclide in pCi, and record cpm/pCi for each. 

(b) /«r<'//fr<*/ic^ a'<'fl7(v<7t^v. — When coimtingStanJard solution of each radionuclide, '^"Ts, '-'Cs, "K, 
ratio of net counting rate in energy range of each of the other radionuclides to net counting rate m its own 
pboCon energy range gives its fractional interfering coefficient for each of the other energy ranges, e.g., 
ratio of net counting rate in ''^Cs energy range to net counting rate in ^^*Cs photon energy range gives its 
fiactiooal interfering coefHcienl for "'Cs energy range. 

Designate counting rate for '^Cs, '-^^Cs, and with symbols B, C, and K, respectively. Designate 
net counting rates (observed— background) in their reqiective photon energy ranges as N^, N«, and Ni, 
respectively. TTien, f, fractional coefficients or contributions of nuclide in particular ranye. is designated by 2 
lower case subscripts; first one indicates niKlidc contributing counts to energy range (column) and second, 
nuclide photon eneigy range (row). The following 3 equations: 
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(I) Nk»B + UC + f^K 
a) N««^B + C + f^JL 

(3) Nk-^B + ^C-I-K 

cm be solved ■imullneoiisly by matrix algebra, uaing invmioos to pravide nnnwrica] coo^Wite X, Y, and Z 
in equations 4, 5, «od 6. These constants are used to solve far conceotiatioii of eacb of dieae 3 nudidee io 
sample. Net oouotiiiig rate for each nuclide is: 

(4) "*C8 = B = + X,N« + X,Nk 

(5) ""Ci = C = Y:N, + Y,N, + Y,Nk 

(6) *K = K = ZjNfc + ZjN, + Z^^ 

Calibration to derive values for constants in equations 4, 5, and 6 is upplicaliL- as long as instrument alignment 
and mode of operation remain constant and gamma-emitting nuclides are iiniited to the 3 elements in matrix. 
Long-band inversion of 3 x 3 matrix is tedious and subject to mistakes. Use of computer is recommended to 
jnovide numerical constants fi>r equations 4-6. Thereaflert dedc calculatiom can detmmne concentialioaa of 
'^Cs, '"Cs, and '"K in samples in absence of oompuiar by aummiqg counts in each pholopaak, subtracting 
background, and applying equations 4-6. 

(c) Cemmt-134, eeahmrI37, poUiaiian-40 acflvbiei.— From q)ectral ganuna counts of sain|de, 
substitute net value from equations 4 through 6 and convert net counfs/min for each nudide to pCi/L food at 
time of counting: 



where E^, E„ = counting efficiency/pCi from Standard scdtttion for '^^Cs, '"CS, 
^K, resjwctively, and V = sample volume, L. * 



References: JAOAC 56, 204(1973), 65, 1039(1982): 69, 270. 301(1986); 72, 667(1989). 

OFFICIAL METHODS of ANALYSIS, AOAC, 15th EDITION, ARLINGTON 1990, 
Method 973.67 



"^CsCpCi/L) 

'"Cs(pCi/L) 
*K(pCi/L) 



= (net cpraV(Efc x V) 

= (net cpm)/(E, x V) 
= (net cpmV(Ej x V), 
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a) Bela-cniittiniRailomMlite 



M Tritium in Water 

ScinHntion Spectrometrie Metftod 

A, PrtHdpU 

Sample is distilled tu remove quenching materials and non-volatile radioactive materials. Distillation 
is to dryness to ensure complete transfer of and background samples are prepared and counted alternately 
to nullify emn piodiiced by agiqg of acinlillfttion medium or instnmieot drift 

(a) Liquid scintillationspetiromeier. — Comcideaeo4yp». AfW^ 
WaiTCOville Rd, Downers Grove, IL 60515; and others. 

(b) Liquid scintillalion vial.— 20 Ml; low-K glass, polyethylene, nylon, or equivalent bottles, available 
firom mamiftctiiirefs under (a). 

C. Reagents 

(a) 5dftff/l(tffon5o/jfrfoii.— Thoroughly mix 4 g PPO (2,S-diphenyloxazole). 0.05 g POPOP(l,4-bis(5- 
phenyloxazol-2-yl) benzene), and 120 g solid naphthalene in 1 L spectral grade 1.4-dicnauie. (AvailaUe from 
Aldricb Chemical Co., Inc.). Store in dark bottles. Solution is stable 2 months. 

(b) Tritium slaiuUird soluiivn.—Pipel 4 Ml HjO of known activity and 16 Ml scintillutiun solution 
into Koitillationvial, tightly cover viil with tetew cap, and mix fboifoqghiy by linking. 

(c) Background solution.— Mix 4 mL distilled HjO (firee of % activity to be measurad in samptes) with 
16 mL scintillation solution as in (b). 

D. Pnpm^am vifSomfU 

Distill 20-30 mL sample to dryness. Mix 4 mL sample distillate with 16 mL .scintillation solution as 

in C(b). 

E. Detentdnation 

Prior to counting, dark -adapt and cool sample, background, and standard solutions ca 3 h in instrument 
freezer at > 2° (to prevent soliditicatioo of solution with time), or at ambient teo^rature if ambient temperature 
liquid scintillation spectrometer Is nsed. Count solutions for total of 200,000 counts or 100 min, whidiever is 

P, Calculation 

Counting efficiency. E ^ {S - B)iD 

m, pCi (picoCuries)/roL « (C - B)/(£ X 4 X 2.22) 

where S - gross cpm (counts/min) of standard, B = cpm baidcgrouod, i> « dpm (disiotegntions/min) 
of 'H activity m standard, and C = gross cpm for sample. 

Refeicaoes: JAOAC 52, 90( 10f,9). 

OFFICIAL METHODS of ANALYSIS, AOAC, ISth EDITION, ARUNGTON 1990, 
Method 969.48 
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(b) Dehydration of Food Samples for Assay of Tritium in Free Water 

iKrrRODucnoN 

This procedure is for a low-temperature, distillation apparatus for Dehydration of Food Samples for 
Assay of Tritnim in Frae Water. 

REAGENTS 

m 

Diy ke or dry kMlcohol sluny 
UltiiiiB Gold Rx (Packard Instruments) or Equivalent 
EQUIPMENT 

Liquid scintillatioa spectrometer (Packard Instruments Company, Model 3385) or Equivalent 

Polyetbyleiw vials, stored in darkness. 

NESLAB RTE 220 Cooling Bath Onit or equivalent 

Tlie distillatinn unit cons^ists of two identical glass tiihf». )i>infd to a one-piece adapter by means of 
35/25 0-rmg joint:> to form a closed distillation system. One tube holds tlie sample and the second serves as 
die wsler tnp. ' 

The water trap is cooled in dry ice or in a slurry of dry ice-alcohol contained in a 16 in. x 12 in. x 
16 in. high styrofoam box with two-inch-thick walls and bottom. The two-inch thick walls (four in all) and 
bottom of the box are made by gluing one-inc sheets of styrofofun with "Sticky Styroglue' firom Styroformics 
Division, PolymerTempeta, Inc., Medfoid, MassKbusetts, 02155. 

Eadi assembled distillation unit is placed so the adaptor spans the top edge of the styrolbam box. The 
water trap rest in the cold bath while the sample tube rests in a cylindrical, ceramic heater outside the box. 
Three distillation imits fit on each of two opposite sides. The heaters are supported on small jacks. A one-inch 
thick sheet of styrofoam is supported over the refrigerant and helps to contain the cold space. The water traps 
pass Ihniii^ holes in this sheet. 

A stopcock serves to direct the distilled water from the sample tube to the water trap and also permits 
evacualioin of die onit via die wiler tnp at die start of distiUatiiin. The evacuatioii is aoconptidied by 
connection of the unit lo the mechanical vacuum pump dvoufb the 18/9 O-fing jomt. 

Oneration of the Distillation Unit 

Tlie 3-way stopcock serves lo direct the distilled water from the sample tube tO the water tnp and also 
permits evacuation of the unit via the water trap at the start of distillation. The evacuatioa is accomplished by 
connection of the unit to the mechanical vacuum pump through the 18/9 0-ring joint. 

At the start the stopcock is oriented so as to conriect the trap to the vacuum pump and the trap is 
evacuated. The stopcock is then turned to connect the sanq)le tube to the water trap and allow air in the sample 
tube to pass to the evacuated trap. After a few seconds the stopcock is turned again to connect the water to the 

vacuum pump and the trap is a^'ain pumped out. This succession of operations is repeated until the pressure 
in the glass unit reads zero on a Dubruvin gauge, 0-20 nuu range. The stopcock is finally set to allow 

moisturB to distill firom die sample tube to die water trap. The diatiUatloo Aould be done widi only veiy gandy 
heating in order that the distillate will be a clear liquid suitable widiout further treatment for liquid seintiUatioa 
coimting of its tritium content. 

DISTILLATION PROCEDURE 

1. Orient the 3-way stopcock so the trap is cotmected to the vacuum pump. 

2. Evacuats the trap. 
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3. Turn the stopcock to connect the sample tube to the water trap and allow air in the sample tube to pass 
to die evaciated trap. 

4. After a few seconds turn tbe stopcock to conaect the water to the vacmnn pump and evaeuate the trap 

again. 

5. Repeat uattl the pressuie in the glass unit reads zero 00 « Dttbcovin gange, 0 • 20 mm noige. 

6. Set die siopoocfc to allow mbistiwe to distUl from the sample tube to tbe water trap. 

7. Distillate with very gently heating. 

8. When dwtitlation is completB, remove the aanaple tube and water trap and seal with their reflective 
domes. 

9. Cool tbe sample tube and tcq> to room temperature. 

10. Wipe off the lubricating grease on tbe glass joint of the water trap. 

11. Wipe off any moisture oondensed on die outside of the water trap. 

12. Place the trap anU sample tube in light-weight, polyurethane containers. 

13. Weigh the mnple tube and water trap. 

14. Record the weight of the dried residue and distillate. Verify proper agreement with the original sample 
weight and products. 

15. Clean the equipment between samples by soaking in boiling detergent solution. This should dislodge 
or soften die dried residue in the sanqile tube and remove grease (Apeaon M) from the lobricaled 
joints. If highly nMlioactive samples are processed, steam dw qiparatus to remove adsorbed tritium. 

COUNTING PROCEDURE 

1. Pirqwre die counting mixture under amber or red light: 

a. Transfer 10 mL of the distillste to a screw-cap, polyethylene liquid scintillation vial. 

b. Add 15 mL ot phosphorus solution (scintillation cocktail). 

c. Cap the vial and shake for st lesst 30 seconds. 

d. Age in a liquid scintillation spectrometer, as specified by manufacturer of LS counter. 

4. Coimt the samples in a liquid scintillation Spectrometer. Sum the results of two, SO-nunute counts and 
treat as a single, 100-minute count. 

5. Determine the bnckground with a counting mixture containing 10ml of distilled, deqi^well water. 

6. Determine the counting efficiency with an NBS tritiated water standard. 

7. Corrsct the aunple ooimt for background and efficiency. 

8. The qiectrometar raadout provides the results ss counte per minute (qrni) per 10 mL. Convert to 
nanocuiies per kilogram (nG/kg) of find using Equation 1. 

nCirttg - Cbex R (1) 
W X E X V X 2.22 

where: 

C B count rate in cpm 
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V = volume (it dishllate counted = 10 inL 
bg s back^ruuiiJ count rate 

R > volume of diatiUale faoovvnd 
W s wgt of food vHueb produced R 

2.22 M coaveniaii ftctor for dpm to nQ 
E > counting eflicieocy 

9. Calculate the counting error using Equation 2. 

±2AX4 



2-a «. 



(-f)+S«(B) 



** ExVxf/n2.2 
where: 

G - gross count (sample + background) 
s\B) = variance of background values 
t-tinB(mi]MilH) 
OB " counting error 
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(c) Strontiuin-90 in Water 

Beta Particle Counting Method 

Applicable to H,0, and to aewage and industrial waste if organic matter is destroyed and interfering 

ions are eliminated. Added carrier Sr along with radionuclides are separated from other radioactive elements 
and inactive sample sohds by precipitation as SrCNO^), from fuming HNO,. Sr is finally precipitated as SrCO,, 
which is dried, weighed, and set aside ca 2 weeks for ingrowth of "Y. Pracipitate is tlien dissolved and is 
prepared for counting by (a) extraction by tribotyl pboqihate and evqxmting on plandiet, or (b) addition of 
Y carrier and precipitating as oxalate. 

Radioactive Ba and Ra which interfeie are removed by addition of Ba earner, Ca interferes with Sr 
prBGipitation, but is (amoved by HNO^ precipitation and acetone treatment. 

B. Apparatus 

(a) Counting pans.— Slumkss steel, ca 50 mm diameter and 7 mm Jeep. 

(b) Filtration assembly.— Fot mounting precipitates for counting. Consists of {1) 2-piece filtering 
apparatus for 2.4 cm filter sodi as stainless steel filter holder (Interex Coip., 3 StrathmMB Rd, Natidc, MA 

01760, No. 12-103; ICN Pharmaceuticals, Inc.. Life Sciences Croup, No. 83012), Teflon filter holder, or 
equivalent. (2) Nylon (Zytel 101) disk with ring for mounting precipitate. 

(c) Film, MyUir.— To cover precipitates during counting and storage, ca 0.025 cm thick. Available in 
rolls 1 .5" (3.8 cm) wide as manufacturer's No. 92A, E. I. du Pont d« Nemours, Electronics Dept, Barley Mill 
Plaza. Kirk Mill: Mylar Product Information, Wilmington, DE 19805. 

(d) Cltiss JiberjUicr jHijH'r.—Uo. 934-AH, 2.4 cm diameter, available from Whatman, Inc. 

(e) Caarlfiige tubes.— mL. heavy duly with short cone bottom and pour-out lip. 

(f) Btta panicle coiinlcr. — Low background, shielded, anticoincidence counter. Determine Counter 
cfiicienqf for **Y as oxalate and "^Sr as cariwnate for specific counter and geometry. 

a 

C. RtageiUs 

(a) Dilute acetic acid.—6N. Add 345 mL CHjCOOH to Hp and dilute to 1 L. 

(b) Ammonium acetate fo#T.— 1>H S.S. Dissolve 154 g NH^H,COO in 700 mL H2O, add 57 mL 
CH.COOH. adjust pH to 5.5 with dropwise addition of either CH,COOH or 6JV NH^H, as neoessaiy, and 

dilute to 1 L. 

(c) Dilute ammonium hydroxide.— 6N. Dilute 400 mL NH4OH to 1 L with HjO. 

(d) BaiiuiH atiiicr soluiion.— \Q mc Ba/mL. Dissolve 19.0 g Ba(NO,); in M^O and dilute to 1 L. 

(e) Dihiic livJrochloric aciJ.—bW Add 500 mL HCl to H,0 and dilute to 1 L 

(f) Fuming nitric acid.— 21N. Specific gravity 1.48, 90% HNO3. 

(g) Dilute nitric add.-(n 14N.-AM 875 mL HNO, to H,0 and dUute to 1 L. (2) 6N.—MA 384 

mL HNO3 to H;0 and dilute to I L. (3) 0. IN. -AM 6.25 mL HNO, to HjO and dilute to 1 L. 

(h) Oxalic acid solution.— Saturated. Approximately 11 g HnC204.2H20 in 100 mL ILO. 

(i) Mixed rare earth carrier Mlurtoa.— Dissolve 12.8 g C«(N03)j.6H2b, 14 g Z1OCI2.8H3O, and 25 
g FeCl3.6H20 in 600 mL H^O contaming 10 mL HG. and dihite to 1 L. {Cataloa: CeCNOj), is toxic. Wear 

resistant rubber or plastic gloves.) 

(j) SoJiuiii cuibunute solution.— IN. Dissolve 142 g Nu;.CQ3.1LO m ILO and dilute to 1 L. 
(k) Sodium chromate solution.— O.SM. Dissolve 1 17 g Na,Cf04.4H^ in H,0 and dilute to 1 L. 

(I) Soiliiim hydroxide soliifinn.- 6N. Diss<i|ve 240 l- NaOH in H,0 and dilute t<i I I.. 

(m) Siroiuitiin mirier solution.— \Q mg Sr/mL. Disiiolve 24. 16 g Sr^NO,). in H.O and dilute to 1 L. 
Standardize by pi[K*tting (in triplicate) 10 mL solution into 40 mL centrifuge tubes and adding 15 mL 2N 
NsjCOv Stir and heat in hoiiini.' H O balh 15 min. Filter through weighed, tine poro.sity, fritted glas.s, 15 mL 
crucible. Wash with three 5 mL portions H.O and three 5 mL portions ab.solute alcohol or acetone, wipe 
crucible with absorbent tissue, and dry to constant weight at 1 10" (ca 20 min). Cool in desiccator and weigh. 

mg Sr/mL = mg SrCOj x 0.5935/10 

(n) TYibut^ phosphate (7BP), equilibrated.— Shake TBP with equal volume MA^HNO,. Separate and 
discard lower acid phase. 

(o) Yttrium carrier solution.- 10 mg Y/mL. Dissolve 12.7 g YjO, in 30 niL HNO> by stirring and 
heating. Add additional 20 mL HNO} and dilute to I L with HjO. 1 mL » 34 mg Y>(C204)} 9Hp. Determine 



Copyrighted matBrial 



81 



exact equivalence as in step (f) or (g) of D. Dctenninatiun. 
D. DeiemtnalUm 

(a) Precipitation as au^onaie.—To 1 L drinking H^O (or less, but containing 225 pCi *%r) or 
filterad raw ILO sample in beaker, add 2.0 mL HNO, and niix. Add 2.0 mL each ot Ba and Sr carrier sululions 
and mix well. (pKCipitate of BaSO, will not cause dilTKulty.) IKat to hp. and add 20 mL 6jV NaOH and 20 
mL 2N NajCUj. SUr, and let simmer ca 1 h at 90-95". Let cuol until precipitate lias settled (1-3 h). Decant and 
dtacwd lupenute. Transfer precipitate to 40 luL eentriftige tube, ceolrift^, and ctiacani aupemate. 

(b) Purification as «/Vr«rr.— Cautiously add 4 mL HNO, dropwisc to precipitate. Heat to bp. stir, and 
cool under running H2O. Add 20 mL turning HNOj, cool S-10 nun m ice bath, stir, and centrifuge. Discard 
supemate. Add4inLH20tomiiliie,atar,aiidheattobptodi8aolveSr(NO,)2. Centrifuge while hot and decant 
sopemats into clean centrifiifp tube. Add 2 mL 6iV IXtiQ^ to Ksidue, heat to bp, centrifuge while hot, and 
GomlMne supemate uith atjucous siipcmatc. Discard insoluble residue ot" BaSO^, SiO;, etc. 

Cool combined .supcmutes, add 20 mL tununj; HNOj, cool 5-10 min m ice bath, stir, centrifuge, and 
discard siipenate. Add 4 niL H3O to precipitate and dissolve by heating, cool, add 20 mL fuming HNO|, oocA 
5-10 min in ice bath. stir, centrifuge, and discard aupemate. If >200 mg Ca IS present in sample, repeat H^O 
solution and fuming HNOj precipitation. 

(c) Removal qf rare earths.— Afier last HNOj precipitation, invert tube in beaker ca 10 min to drain 
off moat of excess HNOj. Add 20 mL acetone to precipitate. Stir thoroughly, cool, centrifuge, and diacaid 
supemate. Dissolve precipitate of strontium and barium nitrates in 10 mL H3O and boil 30 sec to remove any 
remaining acetone. 

Add 0.25 mL mixed rare earth carrier adution and precqiitalB rue earth hydnHudaa fay naldng solution 
basic with fi.V NH4OH. Digest in boiling ILO bath 10 min. Co<i| in ice bath, centrifiige. decant supemate to 
dean tube, and discard precipitate. Repeat addition of rare earth carrier solution, precipitation, ami decantation. 
Note time as beginning of **¥ ingrowth period. 

(d) Remowl of hanum.—AM 2 drops methyl red indicator and then CH,COOH. dropwise with 
stirring, until solution is red. Add 5 mL acetate butter .solution, heat to bp, and add 2 mL Na.Cr04 .solution 
dropwise with stirring. Digest in boiling H.O bath 5 min. Cool in ice bath, centrifuge, decant supemate into 
clean tube, and discard residue. 

(e) Precipiuition ax strontium ciirln'iuttc. — Add 2 niL 6jV NaOH to .su[>ernate; then add 5 mL 2jV 
NajCO) and beat to bp. If pH is <9, add additional NaUH solution. Cool in ice bath ca 5 mm, centrifuge, and 
discard supemate. Add 15 mL H;0 to precipitate, stir, oentriliige, and discard wash H^O. Repeat washing and 
waigb SrCO} as in (/) or (2): 

(/) Slurry precipitate with small volume HjO, and transfer to weighed stainless steel pan. Dry under 
IR lamp, cool, and weigh. (2) Transfer piecipilate to weighed [laper or glass filter mounted in 2 piece funnel. 
Let settle by gravity for uniform deposition; then apply suction. Wash precipitate with three S mL portions HjO, 
th fee 5 mL portions alcohol, and three 5 mL portions ether or acetone. Dry 15-30 min in 1 10- 125* oven, cool, 
and weigh. 

Store precipitate ;&2 weeks to permit ingrowth of *Y. Separate and count *"¥ by (!) or 

(f) Separation hy TBP extract ion. --W SrCOj is weighed in pan. place pan in small funnel in mouth 
of 60 mL separator and carefully add 1 mL 6N HNO, dropwise. Tilt pan to enipty, and rinse vath two 2 mL 
portions HNO). 

If SrCO} is weighed on filter, dislodge bulk of predpitale into small fwmel in mouth of 60 mL 
separator. Cautiously add I mL 6N HNOj dropwise to dissolve remainiaf precipitate. Rinse filter and funnel 
with two 2 mL portions of 6N HNOj. 

Remove pan or filter and add 10 niL Aiming HNOj to separator dirough funnel. Remove funnd and 
add 1 mL Y carrier solution to separator. Add 5.0 mL TBP, shake thoroughly 3-5 min, let separate, and 
transfer aqueous layer to second 60 mL separator. Add 5.0 mL TBP to .second separator, shake 5 min, let 
separate, and transfer aqueous layer to third 60 mL separator. Combine TBP extracts and wash with two 5 mL 
portions 14jV UNO,. Rcxord lime as beyinniny of decay. (Combine add washings with aqueous phase in 
third separator it seoond inyrowth of **¥ is desired.) 

Back-extract "Y troin combined organic phase with 10 inL 0.1 A/ HNQj 5 min. Either (7) repeat TBP 
extraction as above, beginning "Add 5.0 mL TBP, ..." and finally back-extnwting "^V into 10 mL 0.1^^ 
HNO, and continue as in (g). beginning "Gradually . . ."; or (2) transfer aqueous pha.se to 50 mL beaker and 
evaporate on hot plate to 5-10 mL. Transfer residual solution to weighed stainless steel counting pan and 
evaporate. Rinse with two 2 mL portions O.IA^ HNOj, add rinsings to counting pan. es aporate to dryness, and 
weigh. Count in internal proportional or end window counter and calculate '"Sr as in E. 

Q{) Separation by yttrium oxalate precipitation.— Dissolve SrCO, by cautiously adding 2 niL 6A' HNOj 
dropwise, and ransfer to 40 mL centrifuge tube, rinsing with 0.1 /V HNOj. Add 1 mL Y carrier solution, 2 
dropc methyl red, and NH4OH dropwise to methyl red end point. Add additioiMl 5 mL NH/>H and record time 
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■8 and of **Y ingrowth and begiimiog of decay. Centrifuge and decant supemate into beaker. (Save supeniate 
and wuihings for Meoad ingrowth, if desired.) Wash precipitate with two 20 mL portions hot HjQ. Add 5-10 
drops 6;VHN0,, stir to dissolve precipiute, add 25 mL H^O, and heat in FI.O bath at 90°. Gradually add 15-20 

drops saturated oxalic acid solution with stirring, and adjust pH to 1.5-2.0 (pH rriL'ter or indic.'Jtor paper) v/ith 
dropwise addition of NH4OH. Digest precipitate S min; then cuul in icc bath with uccasiunal btirnng. 

Transfer pracipitate to weighed glass fiber filter in 2-piece funnel. Let precipitate settle by gravity for 
uniform deposition and then apply suction. Wash precipitate with 10 15 mL H-O, three 5 ml. portions alcohol, 
and then throe 5 mL portions ether. Air dry precipitate 2 imn with suction, weigh, mount on nylon disk and 
nag widi Mylar oover, count, and calculate as in E. 

(a) Strw^mh90 calaUaHM.— 

*Sr, pCi/L = net cpm/(abcdtg x 2.22) 

where a « counting efficiency for **Y; b = chemical yield (fraction) of extracted or precipitated '"'Y; c = mg 
final Y oxalate precipitate/mg Y oxalate in 1 mL carrier; d = chemical yield (fraction) of Sr determined as in 
D(e) (20 mg Sr equivalent to 33.6 mg SrCOj) or by flame photometry; f = volume. L, original sample; g = 
*°Y decay (actor - e~^; e = base of natwal iogaiiduns; X * 0.693/7,4: T,,, « 64.2 b for**Y: and t « time, 
h, between separation and counting. 

(b) Counung efficiency.— Ptcpare curve from various weights ytlnuni oxalate precipitate spiked with 
"%r/^, precipitated as m D(g). 

(c) Correction for carrier recovery. - ]f sample contains more than trace Stable Sr, it will act as carrier 
and will result in > 100% yield. In such case determine Sr by flame photometry. 

ItofiMeiiCM: JAOAC 56, 208(1973). 

OFFICIAL METHODS of ANALYSIS, AOAC, ISth EDITION, ARUNGTON 1990, 

Method 973.66 
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(d» Strontium-89 and Strontiiiin-90 in Milk 
Ion Exchange Method 

Fresh milk samples are preserved with HCHO and stored to obtain*^ ingrofwlh. After storage, Y, Sr, 
and Ba carriers and citrate solution are added. Citrate fornvs Y complex which is adsorbed on anion exchange 
resin. Y is desorbed and separated from radionuk. lidos hy tribulyl phosphate extniction. Y is re-extracted ioto 
dilute HNO} and precipitated as oxalate, which is weighed and counted tor ^Y activity to calculate '"Sr. 

Radiol is desodied tloog widi CA and fadio<-Ba; Ca, iadi»-Ba, and me earlli ndkMVcHdea are 
separated hy repetitive precipitations; Sr is precipitated as SfCQ, and Counted. Total ladio^ minii8*%r by **¥ 
measurement yields value for ''Sr. 

B. Opai^ngNoUs 

Radio-Ba and La radionuclides will interfere without puriticalion. Puntication Irom Ca is important 
forreooveiy teststnitneednotbeas ibonnighifSr recoveiy i8deteniiinedby''Sr traoeror flaoMpbotocnetfy. 
Thorouglily desoib columns before re-use and test periodtotlly to assure complele desoqitioa. 

C. A^anOus 

See (A) Strt)ntium-90 in Water B. Apparatus (hl-Cf), plus following: 

Ion exchiiHfie syxiem. — Con:>ist5 of 1 L graduated separator, 250 tiiL separator with fritted glass dusk 
as cation eidnqge oolunm, and 30 mL sefHuator vdlh Mtted i^asB disk as anion exd^^ 
Co., No. K-427S30). 

D. Reagents 

Sec Strontium-90 in Water C. Reagents (c). (e) (;;), plus followinii: 

(a) Aiiuuoiiiu/n acetate buffer.— pH 5.0. Dissolve 153 g NH^CHjCOO in 900 mL H;0. Adjust pH to 
S.O with CH,CXK>H. ttsing pH meter, and dilute to 1 L. 

(h) Anion exchange As/a.— Dowex l-XS (CI form), analytical grade. SO-100 neab sjae. available from 
Bio-Rad Laboratories. 

(c) Barium carrier x<^on.— 70 mg^wiL. Dissolve 38.1 g Ba(NO,). in H.O, add 1 mLNNO,. and 
dilute to 1 L. 

(d) Cuiivn c.xchan\ie resin. — 50W-X8 (Na form), ati;il)lical yiade, 50-100 mesh size, available 
from Bio-Rad Laboratories. Convert commercially available ii form into Na form by passing 1.5 L 4^ NaCi 
diiDUgh 170 mL resin placed in coiunm and rinsing with ca SOO mL H2O until wash is d-firee when tested 
widi \% Ai;NOv 

(e) Ciirale solution.— 2M. Dissolve 384 g anhydrous citric acid (420 g monobydrate) in H2O, adjust 
to pH 6.5 with dilute NaOH solution, and dilute to 1 L. 

(1) OjatUc aci<i Miluiiun. 2.V. Dissolve 126 g H,C;Oj.H:0 in warm H;0. cool, and dilute to 1 L. 

(g) ^Iver nitrate solution.— I %. Dissolve 1 g AgNO) in H3O and dilute to 100 mL. Store in brawn 

bottle. 

(h) Sodium thioride sotutitm.—^N. Dissolve 236 g NaCl in and dihite to I L. 

0) Sodium carbonate solution.— "iN. Di.s.st)lve 159 g Na.CO, in and dilute to 1 L. 

(j) Sodium chromaie soluiion.—lN. Dissolve 81 g Na2Cr04 in HjO and dilute to 1 L. 

(k) Strontium carrier solution,— 20 mg Sr/mL. Dissolve 48.3 g SrCNO)); in H.O, add 1 mL HNO„ 
and dilute to 1 L. Standardize by pipetting 1 mL portions into six separate 40 mL centrifiige tubes containing 
15 mL H O. Adjust pH (tmliciitnr paper or mett-r) to 8.5-9.0 with 6,V NH.OH. Add. with stirring. 3-5 mL 3N 
Nuj'^^i UigcAi 3 nun lu near iHJiling ii>U baih. Cool to ri)om temperature and process precipitate as in G(d) 

or(eJ. 

0) Wbutyl phosphate (WP), pre-ecpiilibraied.- Add 150 mL HjO and 30 mL 3/V NajCOj to 300 mL 
TBP in 1 L separator. Shake 2-3 min and let separate. Discard lower aqueous phase. Add ISO mL H2O to 
separator, shake 2^-3 min. and let separate. Discard lower aqueous phase. Add ISO mL 14iVHN09 and shdce 
5 min. Let sepaiaie and discard lower aqueous phase. Repeat 14,V HNO, treatment twice. 

(m) Yttrium carrier .wlution.— 10 nn- Y/ml. Dissolve 12.7 g Y.O, in 50 mL HNO, by heating (avoid 
boiling). Dilute to 900 mL with Hfi, adjust pH to 2.U with NH4OH. and dilute to 1 L with HjD. Standardize 
fay pjpeiling 1 mL portions into eadi of six 40 raLoentrifogetubeacootaimng 15 mLI^ Add5mL2/VoixaUe 
acid and adjust pH to 1.5 with 6,V NHjOH, using pH meter. Digest in hot H.O bath 10 min, aod COOl tO below 
room temperature. Centrifuge and discard supemate. Process precipitate as in G(d) or (e). 
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Use YiOj of 99.999% purily (Morton-Thiokol Inc., 152 Andover St, Danvers, MA 01923). Material 
of lower purity may rt:<)uire purificatioa because of ladtoective codlmuiuHits. 

B. PrtparudoM i^ Sample 

Preserve fredily drawn sample widi ca 3 mL HCHO sdation for each L milk and refrigeiate for known 
period of timeupto2 uecks to allow *Y ingmwth. Thoroughly mix preserved, stored samplt;. If homogeneous, 
transfer 1 L to separator, C. If nonhomogeneous, before traiuifer, filter through loose bed of Pyrex glass wool 
to prev«at clogging of resio columns. 

F. Removal o/ Radioelemats by Ion Exchange 

CcMnbine 1 .00 mL each of Y. Sr. anJ Ba carriers with 10 mL dtfate solution (e), in small beaker or 
vial. Using distilled H O. tran.sfcr quantitatively to I L sample in separator, and mix well. 

Add 170 niL Dowex 50W-XS (d), to 250 mL separator filled with HjO. Add 15 mL Dowex 1-X8 (b). 
to 30 mL sepanrtor filled with Hp. COmiect all sepaiators together in order san^iie (top), anion oolunm, cation 
column (bottom), and |daoe beaker to collect effluent. Open stripi ockN of sample, anion, and cation separators, 
in that order, and note time. Control eftlueat rate at 10 mL/min with anion column stopcock. Check and adjust 
effluent flow periodically. 

Stop flow when milk level reaches top of each resin bed and note time. Record as mean time the 
average period of effluent (low. This time is taken as beginning of '"Y decay. Do not permit unneoessaiy delay 
during eluliun. Di:icard cluate. 

Connect separator containing 300 mL warm 1^0, continue elution at 10 mL/min as above, and discard. 
Separate columns. 

C, YtUiam-90 Separation, Purijicattoa, 

Connect separator containing 100 mL 2iV HCI to lop of anion separator. Open upper stopcock and then 
lower Stopcock, and control effluent flow at 2 mL/min. Collect 15 mL eluate. Close both stopcocks and remove 
top aeparator. Stir resin thorou^y with glass stirring rod, and rinse into resin column with smalt volume 2JV 
HCI. Reconnect separator, and continue 2.V HCI elution. collecting total of 70 mL Y cluate. Retain eluatc. 

Adjust flow rate to 10 mL/nun for rcmammg 30 mL acid to recharge separator. Discard this eluate. 
Wash resin with ^ 100 mL H.O until Chfree by AgNO, test. Separator is ready for next determination. 

Add 5 mL 2;V oxalic acid to retained eluate and adjust pH to 1.5 ujiIi f .V NH^OH, using pH meter. 
Stir, heat to near bp in H;0 bath, cool in ice bath, centrifuge, decant, and disc.u J supernate. Proceed as in(il) 
or (b), dependmg on whether '■"'Ba-'*'La is absent or present from ganuiia analysis of sample. 

(a) ff fresh fission products are oftioir.— Dissolve precipitate in 1 mL 6iV HCI, add IS mL HyO, and 
filter through Whatman No. 541 paper into 40 mL centrifuge tube. Wash paper, collecting waslUngs in tube, 
discard paper, and continue as in (c). 

(b) HT/jvrA fission products tare /mvmiii.— Dissolve precipitate in 10 mL HNO^; transfer solution to 

60 mL separator, washing cfntrifui.'e tube with additional 10 mL HNO. Add 10 mL e».|uilihr;itcd TBP, <\), 
shake 2-3 min. let separate, and drain and discard lower acid phase. Add 15 mL 14A/ HNO} to separator, shake 
2-3 mm, let separate, and drain and discard lower acid phase. Repeat 14N HNOj treatment to remove light 
lantiianide elements, particularly ''"La. Add 15 mL H2O to separator and shake 2-3 min. Let separate, and drain 
aqueous phase containing most of Y into 40 mL centrifuge tube. Repeat wash, using 15 mL O.IN HNO}, adding 
it to centrifuge tube. 

(c) Preparation cf yttrium oxakae.— Add 5 mL 2N oxalic acid to purified Y solution from (a) or (b), 

and adju.st to pH 1.5 with NHjOH. usinL' pH meter. Digest solution in hot H^O h.tlh 10 inin with occasional 
mixing. Cool in ice bath, centrifuge, and discard supernate. Separate and count ''Y oxalate as in (d) or (c). 
Standardize carrier by the same technique used for sample, and ctdctUate *''Sr activity firom *Y count as in I(n). 

(d) Filtration method.— Phcn 2.S cm glass fiber filter on stainless steel planchet and weigh together. 
TransfiBT tared filter to filter holder, as in Strontium-90 in Water B(b)(/), and assemble. 

With HjO spray, quantitatively transfer yttrium oxalate precipitate to filter funnel, iLsing minimum of 
auctioo so thai pne^tata la distributed unifomdy over filter area. Increase suction as necessary after most of 
precipitate is on filler. Wash precipitate with three 10 mL portions warm H.O, three 5 mL portions alcohol, 
and three 5 mL portions ether. Continue suction ca 2-3 min. Carefully remove filter, place on original planchet, 
and let stand at room temperature 10-13 min. Weigh and calculate yield yttrium oxalate (likely Y^C304),-9H:0) 
by dividing this weight by v\ eight obtained on standardization of carrier, D(m). 

Remove filter from planchet, place on top of nylon disk, cover with piece of Mylar film, place nylon 
ring over Mylar film, and press ring onto nylon disk. Cut off excasa film. Count "Y activity, widiout undue 
delay, in low background anticoincidence beta counter. Repeat counting after 3 days to confirm purity of "Y 
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by its rate of decay. Record dates and time of counting. 

(e) Direct dispersion method.— V/ ash precipitate twice with 20 mL portions warm H2O, cool to below 
room temperature, ceatrifbse, and diaaud supenuite. Quantitatively transfer precipitate to tared stainless steel 
di<;h. Uniformly diqiene precipitate over dijh bottom and diy under IR lamp to comAant wei^t. Count in fi 

particle counter. 

H. StnKdum-S9 StpandoHp Pur^eadM, 

Connect 1 L separator cuutainin^ 1 L 4N NaCl to cation separator. Open upper stupcock and then 
lower ato|iooclc, and control effluent flow at 10 mUmin. Collect ca 1 L eluato in 2 L beaker, but leaive resin 
covered with 2-3 mL solution. RL'tilin eluute. 

Wadl cation separator with 500 mL HjO from top separator at rate of 10 mL/min. Discard wash HjO. 
If resin becomes clogged with milk solids, back-wadi separator or transfer resin to beaker, agitate with HjO, 
and decant. 

Dilute retained cluatc to 1.5 L with H .O, heat to 85-90 ' on hot plate, and add 100 niL ^A' Na^COj with 
gentle stirnng. Remove from heal and cool to room temperature. Decant hulk ut clear supemaie. Quantitatively 
tnusfer precipitate to 250 mL centrifuge bottle with H2O and oeotrifiig^ discard supetnate. Add SO mL HjO 
and disperse precipitate. Centrifuge, discard supernale, and repeat. Dry precipitate 4 h in oven at 1 10". 

Dissolve precipitate with vigorous stirring by adding ca 4 mL 6N HNQ^ in small amounts (magnetic 
stirrer is bdpftil). Filter through Whatman No. S41 paper into 40 mL graduated centrifuge tube. Rinse botde 
widi 4 mL 6^ HNO, and pour wu.shiny through paper. Discard paper. Add 20 mL UN HNO, to fdtrate. Stir 
and cool in ice bath; ccnIrifuL'e anJ Ji caiv! supemate. (Sr(NO,), precipitation is critical in obtaining good 
recovery of Sr adequately separated trom Ca.) Recoveries from single precipitation are as tullows: 



HNO, 



Sr Rec., % 



Ca Rec., % 



14N 



81 ±4 

98 ±1.4 
100±1.7 



2.6 ±0.9 

n±2 

51 ±3 



Dissolve precipitate in 5 mL H^U and adjust to pH 5.0 with NH4OH, using pH meter. Add 5 mL 
NH^jCOO buffer. Heat in H]0 bath, add 1 mL IJV Na^r04, and mix well. Digest m badi 5 min. Centrii\ige 
and decant supemate into small heaker. Evaporate to ca 2 mL, add 2 mL 6N HNO,, and transfer to 40 flsL 
ceotfifuge tube, using one 3 mL H.O rinse. Add 20 mL 2IA^ HNO,, stir, cool in ice bath, centrifiige, and 
discard supemate. Add 3 mL HjO and 5wL6N HNO, to dissolve precipitate. Add 20 mL 2IA^HN0}, stir, cool 
in ice bath, centrifuge, and discard supemate. Record time as beginning of **Y ingrowth. 

Dissolve precipitate in few mL H,0 and adjust pH to 8.5-9.0 with 6,V NH^H. Add 3-5 mL 3N 
NagCO, to precipitate SrCOj. Centrifuge, and diiicard supemate. Disperse precipitate in 10 mL HjO, centrifuge, 
and discard supemate. Separate and count SrCO, as in (a) or (b): 

(u) Filtration nwtfuHl.— Proceed as in G(d), but wash precipitate with three 5-10 inL portions H;,0, 
transfer to original planchet, and dry 30 min in oven at I ICP. Cool 10 desiccator and weigh. Count as in G(d), 
record time of counting, and calculate "Sr as in 1(b). 

(b) IXreet distention mahod.—Wadu precipitate twice with ca 10 mL portkms HjO, dispersing 
precipitate, centrifuge, and decant and discard supernate. Quantitatively transfer precipitate to tared stainless 
steel dish. Uniformly disperse precipitate over dish bottom, dry 30 min in 1 10" oven. Cool in desiccator and 
weigh. Count in 0 particle counter. Record time of counting and calculate "Sr as in 1(b) 

/. CaUulatloits 

(a) Far moMiimt-90 activity.— 

■•"Sr activity, pCi/L = (cpm ± a)/RsRvEvDvIvV 

where cpm = net beta co unt rate of "Y 

0=. —2 +—2 

Ng ~ sample count rate 
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= background count rate 
tf — suiqile Gomttinf tinie 

ts = background counting tiiw 

R5 = fraction Sr carrier recovered 

Ry = fraction Y earner recovered 

Ey * ooonter efficiency fiir *y ts Y oxalalei, qpn/jpCi 

Dy = decay correction factor (= e'^', defined in 973.66E(a)) for **Y, where t is time of sqpg 
"Y from "Sr to time of counting. 974.37G(d) or (e) 

ly « ingrowth comctioo ftctor l-«r^ for degtee of equilibrium attaioed during 
ingrowth period, where t is time fiom stwt of ingrowth period to time of aepg **¥ from *^ 
V =' sample volume* L 

(b) For stnmOum^ activity.-' 

"Sr activity, 

^^^^^^ £^ ^ ^ '^^^^^^ ^ 



where Ej = counter efficiency for "Sr as SrCO,. cpm/pCi 

D} = decay correction factor e*^') for "^Sr, where t is time from sample collection to time 
of counting 



Rs - fraction Sr carrier recovered 

Nj = net counts/min of observed radio^r 
V = sample volume, L 
. «>Sr activity. pCi/L 

a,, - absorption factor for "Sr as SrCOj obtained from sclf-absoqition calibration cur\'e. 
(Self-absorption curves for "''Sr and "Sr derived by pptg series of carrier SrCOj concentrations 
over expei^ recovery range in presence of constant amount of ""Sr and "Y-free "Sr, 
lespectively. Ordinate is ratio of count rate for endi thickness to count rate at 0 samfde 

thickne.ss and abscissa is sample weight for given type of sample mount.) 
E's = counter efficiency for "Sr as SrCOj, cpm/pCi 
Ey — counter efficiency for **Y as Y oxalate, cpm/pCi 

ly = CDirection (actor ( = I^i**) for degree of eijuilihrium aitaint-d during *Y ingrowth 

period, where t is time Y was separated from SrCO, to time of counting, 974.37U(a) or (b) 



References: JAOAC 56, 213(1973); 57, 37(1974). 

OFFICIAL METHODS of ANALYSIS, AOAC, 15ih EDITION, ARLINGTON 1990, 
Method 974.37 
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(e) StroiiUuin-89 and 90 in food and ashed milk 
Appliflitici 

This method is applicable to the aiulysis of ash from food samplisi, including dairy products, and 
biologica] malerials. 

Principteof Mgtilifld 

StroolHiiii carrier n added to an aliquot of disaolved adi and the alkaline earth carbonates are 

precipitated. Tlie prfcipifate is dissolved in nitric acid and silica is removed by dehydrLifion. Strontium is then 
precipitated as the nitrate and purified by washing wtth nitric acid. Any remaining phosphate is removed by 
oonversioii of alkaline earth phosphates to caibonates. Barium and radium are removed by chramatB 
precipitation and final purificatkm is made by hydroxide scavenging. Strontium carbonate is precipitated* 
dissolved in nitric acid; yttrium carrier added and the solution stored for yttriuin-90 ingrowth. The yttrium is 
then separated from the strontium by extraction into TTA from pli 5 solution, back extracted with dilute nitric 
acid, precipitated as the oxalate, weighed to determine yidd and counted for yttrium-90 beta activity. The 
strontiuni is precipitated as the carbonate, weighed and counted for total ladio-strontiujn beta activity. 

Ammooium Acetate Buffer, pH 5 

Ammonium Hydroxide, NH^OH, Concentrated, (15N), 6N 

Barium Carrier, Ba** - 20 mg/ml 

Ethyl Alcohol. C^H.OH - Absolute (100%) 

Hydrochloric Acid, HCl - 6]\ 

Methyl Onmge Indicator. 0.1 % (w/v) 

Nitric Acid. HNO3 - Concentmled, 1.0^,0.1^ 

Oxalic Acid, HjCi04 " 

Phenolj^hthalein Indicator, I % (w/v) 

Scavenging Carrier, Fe" ' ' , Ce* ' . Zr* * **, ID Hlg/nil 

Sodium Dichromate, NaXrjO; - 0.5^ 

Sodium Carbonate, NajCOj - 3N 

StmntiHni Canier, Sr*^* - 90 mg/ml 

2-ThenoyItrinuoroacetone, TTA - 10% in Benzene 

Yttrium Carrier, Y**" - 20 mg/ml 

Special Apparatus 

Low Background Beta Counter 
Prooeduie 

1. Add 1.0 ml of strontium carrier to a 2S0 ml aliquot of dissolved adi in a 60O ml beaker. 

2. Add concentrated NH4OH to the first appearance of a pr«cipiute. heat to near boiling, and add 3N 
NagCO) slowly until the effervescence ceases, then add an additional 150 ml. Allow the precipitate 
to settle, preferaUe overnight, decant or suction off the supernatant and discard. 

3. Transfer the precipiUte to a 250 mi centnfuge bottle using H2O, centrituge and discard the supernatant. 

4. Dis.solve the precipitate in a few ml of concentrated HNO) and transfer using a minimtim of HjO to 
a 250 ml beaker and take to dryness on a hot plate. 

5. Bake for 20-30 minutes, cool, and dampen the salts with a few ml of concentrated NHOy Add 50 ml 
of hot H2O and boil for several minutes (3-5 min.). 

6. Filter the hot solution through Watmaxi #541 filter paper hito a 250 ml beaker, wadi the filler p^wr 

with warm water and IN HNO,. Take the solution to ne^r dryness 00 a hot plate. (Add 10 ml of 
concentrated HNO, and again take the solution to near dryness.). 
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7. Sluny th« salts with 30 ml 73 % HNO, and transfer to a 90 ml centrifufic tube usinfi 75 ml 75 % HNOj. 
Heat in a water bath, cool in an ice bath, centrifuge, and discard tfie supeniatant. 

8. Fill the centrifuge tube (o the 75 ml mark with 75% HNO), mix well, heat in a Water bath, cool in an 
ice bath, centrifuge and discard the supernatant. 

9. Dissolve the precipitate in 15 ml of H;0, aJjust the pH uith 6N NH4OH to a phenophtalein endpoint 
(jSi 9), heat in a water bath, cool, centrifuge, and tnuufer the supernatant to a 40 ml centrifuge tube. 

10. Add 10 ml of H^O and 10 ml of 3N Na^CO^ to the precipitate. Heat with occasional stirring in a water 
bath for 30 minutes, centrifuge and discard the supernatant. Di.s.solve the precipitate in 2 ml of 
coocentrated HO and combine with the supernatant from step 9. Any residue is discarded. After 
paaainf thia point in the analysis, the prooeduie nnist be continued past step 15 in the same day. 

11. Adjust the pfl of the solution with 6^ Nli,Oil tu a methyl orange endpomt about (pli 4.5) and add 
10 ml of pH S.O ammonium acetate buffer. Warm the solution in a water bath, add 1 nd of 0.^ 

Na^Cr^O. ami iliLvst for several minutes. Add 1 ml of harium carrier and digest for several minutes. 
Ceatntuge and transfer the supernatant to a 40 ml centrifuge tube. 

12. Wash the precipitate with 5 mi of MjQ, oentrifiige and combine the supernatant with that from step 11. 
Discard the precipitate. 

13. Neutnlitt die solution to a pH 7 with 61i NH^H and add sufficient NajCO, to precipitate SrCO, ( -5 
- 10 ml). Warm. cool, centrifuge, and discard the supernatant. 

14. Dissolve the precipitate in 3 ml of concentrated HCI, and add 20 ml of water and haa in a water bath. 

Add 3 drops each of scavenging Zr, Ce, and Fe carriers, and make the solution alkaline with 6^ 
NH4OH. Digest for several minutes, centrifuge, and transfer the supernatant to a 40 ml centrifuge 
tube. Discard the precipitate. This is the beginning of the ingrowth of yttrium-90. 

15. Add 5 ml of 3^ NafiO) to the solution, centrifuge, and discard the supenutant. Record the «fata . 

16. Dissolve precipitate in HNOj, bring up to 25 ml volume with IN HNO, and H3O. Stir with I nd 

pipette, blow pipctic into solution. Pipette 1 ml into 25 ml volume flask. Blow remaining solution 
from pipette back to test tube. Fill tlask to line with HNO3. Run diluted solution on flame photometer 
for pre-exlraction strontium yield. Add 1 ml yttrium carrier lo remaining 24 ml in lest tube and store 
for at least 12 days ingrowth. 

17. Transfer the solution to 60 ml separatnry funnel, using a minimum of HjO; neutralize with 6£j[ NH4OH 
to methyl orange endpoint, add 10 ml of ammonium acetate buffer and 10 ml of 10% TTA in hmi/fW, 
Shake for S minutes. Recoid the time , this is the beginning of the decay of yttrium-90. 

18. Truisfer die aqueous layer to a clean 60 ml separatory funnel and add 10 ml of 10% TTA in benaiene. 
Shake for 5 minutes. Tnuufier the aqueous phase to a 90 nd centrifuge tube. 

19. Hie organic layen firom steps 17 and 18 are combined in one of the separatory funnels. Wash die 
eim>ty funnel with 10 ml of ammonium acetate buffer and add it to the funnel containing the Ofganic 
Shake for 2 miniitiw and combine the aqueous phase with that from step 18. 

20. Add 5 nd of O.ljtlHNOj to die separatory funnel and shake for 5 nunutes. Transfix die aqueous phase 
to a 40 nd centrifuge tube. 

21. Repeat step 20 twice. 

22. Heat the solution from steps 20-21 in a water bath, add 10 ml of 2^ H2C3O4, adjust pH to 1.0 • 1.5 
widi concentrated NH^OH, digest for several minutes, cen^fiige and discard the supernatant. 

23. Add warm H3O to the precipitate to the 40 ml mark, mix, centrifuge and discard the supernatant 

24. Place a 2.4 cm ^ass fiber filter paper on a stainless steel plandiet and weigh together. Place the filter 
paper into a filtration apparatus. 
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25. Take the precipitate up in 10 mJ uf warm H^O and transfer using warm HjO to the filter paper. Wash 
the precipitate Nvith three 10 ml portions of ethyl alcohol. 

26. Carefully placL- the filter paper back onto tlie stainless steel planchet ;ind dry in an oven at 125°C for 
20 minutes. Cuul in a desiccator and rc-wcigh the planchet and paper. Calculate the chemical yield 
of yttrium by dividing the Mi«igbt of th« piecipilate by the wriijbt of yttrium oxalate obtained fiom 1 
ml of carrier. 

27. Transfer die filter paper plus the precipitate to a plastic boMar and oover widi mylar. Ciwnt Ibr lim 
beta activity of yttrium-90 in a low background beta couaitor* Record the time of countinf . to 
determine tlie decay £Ktor of yitrium-90 bom the time of aefMiation to the oountinc time. 

28. Hdrttbeoomlrinedaqueouiphasesfiramsleps ISand 19iDavi«ierb 
Centrifuge and discard the supernatant. 

29. Add 40»50 ml of HjC to the precipitate, mix well, centrifuge, and discard the supernatant. 

30. Place a 2.4 cm glass fiber filter paper on a stainless steel planchet and weigh togedier. Place the filter 
paper into a filtration apparatus. 

31. Transfer the precipitate to die filter paper using HjO end wash the precipitate wiUi duee 10 ml poitiom 

of HjO. 

32. Carefiilly place the filter paper back onto the stainless steel planchet. Place under a heat lamp for S-10 
minutea, cool in a desiccat o r and re-weight the planchet and paper. 

33. Tnnsfer the filter paper phis die precipitate to a plastic holder and cover widi mylar. Count (br total 

radio-strontium hjl;i activity in a low-back^'rounJ beta counter. Record the tim e of eountiny . to 
determine the ini^ruwih factor of yttrium-90 from the time of separation to the time ot counting. 

34. Re^issolve the SrCO-, from the filter paper using l£[ HNO, and make to volume in a 100 ml 
volumetric flask using IN HNO,. Measure the strontium concentration tlame photometrically and 
compute the yield. If step 16a was done, this step is optional. 
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ftlculations 



*Sr pCi/kg • 

AxBxC 

2 .2xDxExFxGxHxIxJxK 



A = Net CQunUi per minute yttriuni-90« 

B = Sample volume in liters. 

C = Weight of total ash in grams. 

D = Yttrium-90 efficiency factor as determined. 

E B Yttrium chemical yield. 

F - Yttrittm-90 decay Actor. 

G » Yttriuin-90 ingrowth factor. 

H » Strontium chemical yield. 

I ~ Weight of ash disaolved in fruns. 

J ^ Aliquot taken in liters. 

K > Weight of sanqile in kilogfams. 



•^r pCi/kg = 



AxBxC -j(K+Lxm 

DxE 2.2xFxGxHxI 



A » Net counts per minute total radiostcootium. 

B = Sample volume in liters. 

C — Weight of total ash in grams. 

D *• Stfontium-89 efficiency ftctor as determined. 

E = Strontium-89 decay factor. 

F ~ Strontium chemical yield. 

G >= Weight of ash dissolved in grams. 

H = Aliquot taken in liters. 

I — Weight of sample in kilograms. 

J s pCi/kg of strontium-90. 

K = Strontium-90 efficiency fector as determined. 

L = Yttrium-QO rt'tlcicncy factor. 
M = Yttrium-90 ingrowth factor. 



Goldm, A. S., Vellen, R. J., and Fn.skhom, G. W., " DetermmaUon of Radioactive Strontium." Anal. Chem. . 
21. 1490(1959). 

Murthy, G. K.. Jarnagin. L. R., andColdin, A. S., "A Method for the Determination of Radionuclides in Milk 
Ash,' J. Dairy Sci .. 42 1276 (1959). 
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(0 Ra(Uuin-228 in Foods and Water 

This procedure is tor the rapid delerntinatiun ut radium-228 in foods and water. The method can be 
ttted to detennine ndittin-228 levels as requiied in the EPA Drinking Water Standards. (Ref 1) 

RadiuDi-228, a Beta Emitter, is found in soils and ores containing naturally occurring thorium nuclides. 
The detection of radium-228 is difficult because die beta energies emitled are weak having E-Max*S of 0.04 and 
0.014 MeV. Its detection is complicated also by the presence of other radium isotopes, such as nidium-226, 
223, and 224, which emit energetic alpha particles, and also emit beta radiation from their short lived dauyhter 
products. Radium-228 is determined by measuring the mgrowth of its daughter aciinium-22S which has a 6.1 
hour haif-lifiB. This procedure uivolves the isolation and measufeoKiit of the actiniam-22S whidi has an 
eoBfgetic beta of 2.3 MeV maximum. 

The method is dependent on the separation of actinium-228 from contaminating radium nuclides as well 
as lead, polonium and bismuth daughter products. The interference from actinium-227, a daughter of uranium- 
235, is insitrnitloant as this nuclide has a weak beta of only 0.047 MeV. niakint' it very difficult to detect. The 
analytical method presented is a rapid deternuiiatiun ot the naturally ocA;urnng beta emitter actinium-228 and 
ia hased oo a conMnation technique of solvent extraction and ion exdumge. The prooeduie is desi g ne d for 
analysis of natural waters and various foods such as fruits, spices, and tea. It is of radiobiologic interest 
because ■ctinium-228 is also a measure of radium-228, which if found in tbodstufTs and ingested, is hazardous 
due to the high energetic beta of its immediate daughter product actmium-228 and subsequent alpha emitting 
daughter products. (Ref 2) The method Is sensitive to die levd of the EPA Drinking Water Staadaid, 5 
pioocuries/Uter (pCi/l). 

Method 

The solvent extraction-ion exchange procedure for the separation of actinium is outlined below. The 
msdiod is suitable for viiious foods and natural waters. With modifications, it can be applied to other types 
of materials. 

Initial precipitation of actinium with lanthanum fluoride separates actinium from the bulk of the cations 
except thorium and uranium. To remove most of the uranium the precipitate is treated with dichromate to keep 

the uranium soluble in the hexavalenf stale. The solution is passed through an anion exchange column to 
complete the removal of lead, bismuth, polonium and any remaining uranium. To remove the thorium, which 
has been carried quantitatively to this point, the solution is extracted with 2-tbenoyltrifluoroacetone (TTA)- 
benzeoe solution in the presence nf aluminum nitrate. As a final decontamination step, the .solution is pa.ssed 
through a cation exchange column from which the actinium is selectively eluted by use of citric acid leaving 
any radium or thorium on the resin. 

Reagents 

The two resin columns employed were shout 20 oentimetets ui length. The anion exchange column 

was made from Dowex 1X8 (100 to 200 mesh). The length of the resin bed was approximately 7 centimeters. 
The anion exchange resin column was washed in 1 .8M HCl and the column prepared by washiqg with several 
column volumes of 1.8M HCl. The cation column was made by using Dowex 50X8 (100 to 200 mesh). The 
column was about 7 centimeters in length and it was made up in 0.2M HNO, and prepared by washing with 
several column volumes of 0.2^ HNO,. 

Reagenta used ware; 



(«) 


2-thcnoyltrinuoroacetone in benzene U.5Mi 


(b) 


sodium hydroxide 19M: 


(c) 


lanthanum nitrate carrier - 12 milligrams lanthanum per milliliter; 


(d) 


hydrochloric acid 1.8M; 


(e) 


nitric acid approximately 0.2M; 


(0 


ammonium hydroxide IM: 


(C) 


oxalic acid 75c; 


(h) 


citric acid 5 % adjusted to pH 5.0; 


(i) 


hydrofluoric acid l.OM plus nitric acid KOM; 


(i) 


aluminum nitrate 2.0M: 
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(k) 
(I) 
(m) 
(n) 



saturated potasMum dichroiiiate; 
concentntod HP; 
HCI and 
NH4OH. 



E quipnieBt 



(a) 

(b) 
<c) 
(d) 
(e) 
<«) 



Resiiti Cuiuiiuis 20 cm x I cm id. 
Fiitntiom Apparatus, Stainless Sted 
1* nykm ring and disk mounts, mylar cx>ver 
Low-background beta counter 
oentrifiige tubes, conical, plastic, SO ml 
glaas fiber filler paper 



Procedure 



1. To a sample in solution (Note 1) add one ml lanthanum carrifr. Tlien, enough concentrated 
hydrotluonc acid (5 mitiiliters approximately) is added to precipitate the lanthanum as a tluoride. Stir for 10 
mimites. Centrifti{0, wash and make final collection in 40 ml centrifuge tube. Make all required wasliings 
(after each oeatriAig»tioa) with IM HF IM HNO, in this step. 

2. To the collected precipitate, add several drops of saturated K2Cr207 solution and 1 ml concentrated 
HF. Dilute to qqiioximstely 20 ml. and allow to digest for S minutes. 

3. Centntugc, discard aqueous traction, wash with 20-30 ml HNOj-HF solution. Repeat washings 
until precipitate is white discarding supemates. Add 20 ml of NaOH reagent and digest for S minutes. 

CentrifuL'c. discard aqueous phase. (Wash with NaOH it' nLCL--sary to remove eXLC-s of contaminating 
precipitate.) Add several drops of 1^ NaOH to the Ac(OH)j precipitate and wash with approximately 20 ml 
of water. Centriliige and discard supenate. 

4. Dissolve the precipitate in approximately 10 ml ot 1.8M HCI, Pass the solution thniut'h the 
previously prepared anion exchange column. Collect the HCI solution which pusses through the ion exchange 
column in centrifuge tube. Wash the column with one column volume (w 20 ml) of 1.8M HQ and combine 
widi dm solution. 

5. To the solution from step 4 add concentrated NH|OH to reprecipitate the actinium-hmtfaanum as 
hydroxides. Centrifuge, discard superaate and wash precipitate with water using several drops of 1^ NHiOH; 
Gentrifiige and again discard aupanule. 

6. To the precipitate add no more than I drop concentrated nitric acid; add S to 10 ml dilute nitric 
acid, add 1 ml 2.0M aluminum nitrate. Adjust pH to 1.0 with NaOH. it necessary. Transfer to a 125 ml 
separatory funnel with dilute nitric acid washings. Add 10 ml ut TTA-benzcnc (0.5N1) solution. Shake fur S 
mimitm. Allow layen to separate and discard benzene Uyer. In cases of gross thorium contamination, repeat 
extraction step. 

7. Add the entire aqueous phase to a previously prepared cation exchange column, making sure fbnnd 
stem has been washed with 0.2M HNOj. Allow the solution to pass through the column and wash column with 
1 column volume of 0.2M nitric acid. Discard solution and washings. Elute with 5% citric acid (pH 5.0) 
discarding the first column volume and collecting the next 30 ml. 

8. To the 30 ml eluent from step 7 aJJ Id to 12 ml of 7'' oxulic acid to reprecipitate the lanthanum- 
actinium as oxalate. Centrifuge, wash with water (adding several drops of 7% oxalic acid). Centrifuge, 
tnmsfiBr the precipitate with washings to glass fiber filter paper, wash, dry, weigh and mount the precipitate on 
a 1' nylon ring and disk. Count on a low background Beta counter. The actinium-228 decay must be followed 
for several hours with counting, if necessary, the following day. 



To a sample known to contain large amounts of interfering ions the following clean-up steps must be 
performed first: 

A. Add one ml Barium carrier (20 mg/ml) to .sample 



NOTEl 
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B. Piecipitato bmun with 10 ml of aaimoiiiuoi sul&te (SOft w/v) 

C. After aUowing the barium Bulfate to settle well, diacard the supernatant and place die piecipitale 

in a test tube 

D. Add 2M sodium carbonate to the precipitate, heat ui water bath, and occasionally stir to help 
convert barium sulfate to barium carbonate 

E. Dissolve barium carbonate in 1 M HCi then put to one side for 36 hours for ingrowth (98.3 % 
equilibrium between '"Ra and ^Ac) 

Now proceed to Step 1. 
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(3) iU|iliMiittii«RMlionudidcs 
(a) Uraniiiiii 
A. Ocaomce 

Uranium, the heaviest natuially occurring element, is a mixture of three ndkMCtive isotopes: imnium 

238(99.275%), uranium 235(0. 729f), and uranium 234(0.005 5f). Most drinking water sources, especjally 
ground waters, contain soluble carbonates and bicarbooates that complex and keep uranium in iiolulion. 

B* Mitdiod 

Hub is a ladiochemical procedure which determines total uranium alpha activity without making an 
isotopie luanium saslysis. 

Radiochemical MeUiod 

A. Gflocnl IMscusaiQa 

a. Prtndple: The sample is acidified with hydrochloric or nitric acid and boiled to eliminate carbonate 

and bicarbonate ions. Uranium is co-precipitated with ferric hydroxide and subsequently separated. The ferric 
hydroxide is dissolved, passed through an anion-exchani'c column, and washed with acid, and (he uranium is 
eluted with dilute hydrochloric acid. The acid cluatc is evaporated (o near dryness, the residual salt is converted 
to nitiate, and the alpha activity is counted. 

b. Interference: The only alpha-emitting radionuclide that may be carried through this procedure is 
protactiiutun 231. However, tliis isotope, which is a decay product of uraniuin 235, causes veiy litde 
intatftranoe. Chedc raagents fiir luaaium contaminatioo by analyzing a complete leagent blank. 

c. Siutipliiiji: Preserve sample by adjusting its pH to <2 with HCI ur HNOj, at lime of collection. 

B. Apparatus 

a, CmottUig immmmtf gas-flow proportional or alpha scintillatiaa counting system. 

ft. Um-«xdumge cohann^ iqiproximatdy 13 mm ID x 150 mm long with lOO-mL leservoir. 

c. AUmbnuieJiUer apparatus^ 47-nini diam. 

C. Reagents 

a. Ammonium hydroxide, HHJOHt 5N, 1% 

b. Anion-exduuige resin,' 

c. Ferric chloride carrier Dissolve 9.6 g FeClj-CHjO in 100 niL 0.5// HCI; 1 raL = 20 mg F<?*. 

d. Hydriodic add (hydrogen iodide), HI, 47% 

e. Hydrorhlnrir acid. HCI. cone. 8^, 6,V, 0.1, V. 

/. Iodic uad, Inig/mL; Dissolve 100 ing HIO3 in iOU niL AN HNOj. 

g. Mlricadd, HNO,. cone, 4N 

h. Sodium hydroi:cn sulfite, \ %: Dissolve 1 g NaH.SO., in 100 ml. f),V HCI. 

I. Uranium standard solution: Dissolve 177.3 mg natural undepleted uranyl acetate^ 
UOjCCjHjO:): 2H2P, ill 1000 mL 0.2JVHNO,: 1 mL - 100 U » 150 dpin U » 67.6 pG U. 
NOTE: Commonly available uianyl salta may be formed ftom depleted unmiam; verify isotopie 
cooiposition befioie uaa. 

"DowM 1X4. 100-200 nnasli, chloride form, or equivalent. 

^Standard radioactive solutions with uranium isotopes in equilibrium are available from the U.S. 
EavinNunental Protection Agency, Environmental Monitoring Systems Laboratory, NRA/STD, P.O. 
Box 93478. Las Vegas, Nev. 89193. 



Copyrighted matBrial 



95 



D. Calibratioo 



Deteraiiiieooaiiliivdlicieiicy, £, fbrmlmo«naiii(nial«fiinaiiiiiiitaiidMd 

evaporated from fi to R ml. of 1 mg/ml. HIO, solution in a 50-mm-diam stainless steel planchet. AAflT fluniog 
pkmcbet, count tor at least 30 min. Run a reagent blank with the standard portions and count. 



gross alpha couol rate of standard, cpm, 
fi— illdn backgnwod coont nte» cpm, wd 
D- distntegialioii lala of inaniuni standaml, dpin. 



Determine uranium recovery factor by adding a measured amount of uranium atandnrd to the same 
volume of sample and taking it throuiih the entire procedure. Alpha count the separated, evaporated, and flamed 
uranium planchet. Delemiine the recovery factor on at least 1U% of all drinkinj* water samples. For noo- 
liriakiiig water tanaplefl, il ta»y bt neoeawy lo detomune ilie leoovwy bctor in every sainirie. 



Recovery f actor, R^-^^--=- 

DE 



where: 

C = gross count rate of sample with added uranium, cpm, 
B' " count of reagent blank, epm, 
D = disintegration rale of ucBoium standanl, dpm, and 
E — counting efficiency. 

E. FtrottduK 



1. If the sample has not been acidified, add 3 mL cone HCl or HNOj to 1 L sample in a ISOO-mL 
beaker. Add 1 mL FeCI, carrier, b each batch of saniples include a distilled-water blank. Cover with watch 

glass and heat to boiling for 20 min. If pH is greater than I, add cone HCl or HNO, dropwise to bring pH to 
1. While sample is boiling, gently add SN NH4OH until turbidity persists while boiling continues; then add 10 
mL more. Continue boiling for 10 min more, then set aside for 30 min to cool and settle. After sufficient 
settling, decant and filter supemate through a 47-mm, 0.4S-fUll omnbiane filter using a large filtering apparatus. 
Slurry the remaining precipitate, transfer to IIvj filtcrinL' :ippanitus, und filler with suction. Complete tr;)nster 
tising 1 % solution of NH4OH delivered trum a polyclhylcne squeeze buttle. Place filtcnng apparatus over a 
cleaa 2S0-niL Mtariog flask, add 25 mL 8iV HO. 

2. Prepare an ion-«xchaoge column by slurrying the anion-exchange resin with 8/V HCl and pouring 
it into a 13-mm-ID column to give a resin bed hei^t of about 80 nun. Transfer solution to the 100-mL 

reserv oir of the ion-«xchanga column. Rinse side-arm filtering flask twice with 2S-mL portions of SAT RCI. 
Combine in the ion-exchange reservoir. Pa.s.s .sample .solution throui^'h the anion-exchange column at a flow rate 
of not more than 5 mL/min. Atkr sample has passed through column, elute the iron (and plutooium if present) 
vriftk dn coittmB volumes of freshly p wp ar e d WHO conlaming 1 mL 47% HI /9 mL SAT HCl. Washoohmm 
with two additional column volumes of 8jV HCl. Discard all washes. Elute uranium into a 100-mL beaker with 
six column volumes of 0. lA/.HCl. Evaporate acid elute to near dryness and convert residue to the nitrate form 
by three suooessive treatments with S-mL portions of cone HNO3, evaporating to near dryness each time. Do 
not bake. Dissolve residue (of which there may be very little visible) in 2 mL 4^ HNO3. Using a transfer pipet, 
transfer to a marked planchet. Complete tr.uisfer by rinsing beaker three times with 2-mL portions of 4N 
HNO]. Evaporate planchet contents to dryness under a heat lamp, tlumc to remove traces of illOj, cool, and 
count for alpha activi^. 

3. To regenerate anioo-excbange lesin column, pass three column volumes of 1 % NaHSOj in 6N HCl 
duough the cohmm, follow with six colmnn voliuiies of 6JV HCl, and thea three odmiii vohimea of diatilled 
water. Do not let resi n become dry. Wbeo ready for the next set of samples, equilibrate by passing six column 
vohimes of iN HCl through the column. 
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F. OiaialSaas 



c" - e' 

Uzanium a activity, pCi/L^- 



2,22 X ERV 



wlMe: 

C* « gross oouot fate of sample, qim, 

V « voliimB of sample, L, and other fteton aie as defined above. 
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(b) Rudiiini-226 

Flredpitatian BIclhod 

A. General Di<>cussion 

a. Af^attUm: This mediod is suitable for detenninatian of die alpli»«initting isotopes of ladium. 

b. Priadpie: Because of the diffeience in half4tve8 of the nuclides in die series includbg the alpha- 
emitting Ra isotopes, these isotopes can be identified by the rate of inj^rnwth and decay of their daughten in 

a barium sulfate precipitate,'^ The ini,'r<i\uh of alpha activity from radium 226 increases at a rate governed 
primarily by the 3.8-d hall-lilc radon 222. The in^jrowth ot alpha activity ui radium 223 is complete by the 
tinie ft mdiimirbariiiia precipitate can be prepaied for counting. The ingrowth of die fint two alpha-emhting 

daughters of radium 224 is comptelf within a few minutes and the third alpha daughter activity increMsc-^^ at a 
rate governed by the 10.6-h half-lite of lead 212. The activity of Uw radium 224 itself, with a 3.6-d half-lite, 
also is decrearing, leading to a rather complicated ingrowth and decay curve. 

Lead and barium carriers are added to the sample coataining alkaline citrate, then sulfuric acid (H^SOJ 
is added to precipitate radium, barium, and lead as sulfates. The precipitate is purified by washing with nitric 
acid (HNOj), dissolving in alkaline EDTA, and re-precipttattng as nulium-barium sulfate after pH adjustment 
to 4.5. This slighUy acidic EDTA kieeps other nahinilly occurring alpha emitten and die lead carrier in 

solution. 

B. Apparatus 

a. QMUttiag instnonettts: One of the followmg is required: 

1) baenud proportional counter, gas-flow, with scaler and re>;isicr. 

2) Alpha scintillation counter, silver-activated zinc sulfide phosphor deposited on thin polyester plastic, 
with photomultiplier tube, scaler, timer, and register; or 

3) Prt^ortiontd comter, thin end-window, gas-flow, vddi scaler and legisler. 

b. MenihrnnefiUerhotder. or stainless steel or TFE filter fiuuiels, with vacuum source (Fisher Fittraton 
or eijuiv.). 

c. Mmbrune fibers (Millipoie l^pe HAWP or equiv.), or glass fiber fibers (No. 934>AH, diam. 
2.4 cm, H. Reeve Angel or equiv.). 

C. Reagents 

a. Citric acid, \M: Di ssojve 210 y H,CfH,07.H.O in distilled water and dilute to 1 I,. 

b. Ammonium hydroxide, cone and bN: Verify strength of old SN NH4OH solution before use. 

e Lead nitrate carrier: Dissolve 160 g Pb(N0])2 in distilled water and dilute to 1 L; 1 mL — 100 mg 

Pb. 

d. Stock barium diUmde satmioii: Dissolve 17.79 g BaCl2.2H}0 in distilled water and dilute to 1 L 
in a volumetric fladc; 1 mL — 10 mg Ba. 

e. Barium chloride carrier: To a 100-mL volumetric tlask, add 20.00 mL stock BaClj solution using 
a transfer pipet, dilute to 100 mL with distilled water, and mix; 1 mL = 2.00 mg Ba. 

f. Methyl orange indicator solution. 

g. nenofy^edeiif bidtcaior solution 

h. Broincresol green indicator sointioiK Dissolve 0.1 g bromcresol green sodium salt in 100 mL 
distilled water. 

f. Suifiirie atM, H.SO„ \%N. 

J. l^itric acid, HNO„ cone. 

lu EDTA reagent, 0.25M: Add 93 g disodiumediylenediaminetetraaceute dihydrate to distilled water, 
dilute to 1 L, and mix. 

I. Acetic acid, cone. 
ni. Etfiyl alcohol, 95%. 
n. Acetone, 

o. Clear acrylic solution: § Dissolve 50 mg clear acrylic in 100 mL acetone. 

§Lucite or equivalent. 
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p. Siodi ratBum 226 totution: Take every precaution to avoid unnecessary oontamination of worldnf 

area, equipment, and glassware, preferably by preparing ^Ra sUindards in a separate area or room 
reeerved for this purpose. Obtain a National Institute of Standards and Technology (NIST, formely 
Nitional Bureau of Standards, NBS or other equivalent source ie; National Physics Laboratory U.K.; 
Institute for Reference Materials and MeasureroenLs. li . U . ) ganuna ny standard containing 0. 1 fig ^Ra 
as of date of standardiz;Uion. Using a heavy yhi^s ri>J. cautiously break neck of umpiilc, which is 
submerged m 300 mL acid BuClj solution in a 6U0-niL beaker. Chip ampule unit until it is thoroughly 
brakm or until hole is larfe enough to give complele mixing. Transfer solution to a 1-L volumetric 
flask, rinse beaker with acid BaCl, solution, dilute to mark with same solution, and mix; 1 mL - 
approximately 100 pg '■''Ra. Determine the lime in years, t, since the NIST or other standardization 
of the ociginal '"Rn solution. Calculate pCi ^a/mL as: 
pCi »»Ra - IH4.3xlO^)(t)](100]I0.990] 

q. Intermediate radium 226 solution: Dilute 100 mL stock radium solution to 1000 mL with acid BaCI} 

solution: 1 mL = approximately 10 pCi ^Ra. 

r. Standard radium 226 solution: Add 30.0 mL intermediate ndium solution to a 100-mL volumetric 
flask and dilute to mark with acid Bad, solution: 1 mL = approximately 3 pCi '"Ra and cootains 
about 2 mg of Ba. See V above for corrections. 

D. Procedure for Radium in Drinking Water and fur Dissolved Radium 

1. To 1 L sample in a 1500-mL beaker, add 5 mL IM citric acid. 2.5 mL cone NH^OH, 2 niL Pb(NO,)j 
carrier, and .1.00 mL BuCL carrier. In each hatch of samples include a distilled water blank. 

2. Heat to boiling and add 10 drops mcdiyi orange indicator. 

3. While stirring, slowly add 18/V to obtain a permanent pink color, then add 0«25 mL acid ia 

excess. 

4. Boil gently 5 to 10 min. 

5. Set beaker aside and let stand until precipitate has settled (3 to S h or more). | 

I If original concentrations of isotopes of radium other than ^Ra are of interest, note date and lime 
of this original precipitation as the separation of the isotopes from their parents: use a minimal settling 
time and oonqtlele procedure through t/ widiout delay. Assuming the presence of and separation of 
parents, decay of ^Ra and "''Ra begins at the time of the first precipitation(1/). The lime of the first 
precipitation is not needed if the objective is to check the final precipitate for its -"Ra content only. 

6. Decant and discard clear Mtpernatc. Transfer precipitate to a 40-mL or larger centrifuge tube, 
centrifuge, docaot, and discard supcnutte. 

7. Rinse wall of centrifuge tobe with a 10-mL portion of cone HNO}, stir precipitate with a gla.ss rod, 
centrifuge, and di.scard supernate. Repeat rinsing and washing two more times. 

8. To precipitate, add 10 mL distilled water and 1 lo 2 drops phenolphthalein indicator ,si>lution. Stir and 
loosen precipitate from bottom of tube (using a glass rod if necessary) and add S^V NH4OH, dropwise, 
ttitil solution is defmitely alkaline (led). Add 10 mL EDTA reagent and 3 mL SA^ NH(OH. Stir 
occasionally for 2 min. Mdst of the precipitate should dissolve, hut a slight turbidity may remain. 

9> Warm in a steam bath to clear solution (about 10 min.), but do not heat for an unnecessarily long 
period.' Add cone acetic acid dropwise until red color disappears; add 2 or 3 drops bromcresol green 
indicator M)l mi 1)11 unJ CDntinue toadd cotu accli.- acid dropwisi-, uIuIl- stitrinii with a glass rod, until 
indicator turns green (aqua) . " BaSO^ will precipil^ite. Note date and time of precipitation as zero time 
for ingrowth of alpha activity. Digest in a steam bath for 5 to 10 min, cool, and centrifuge. Discard 
supernate The final pH .should be about 4.5, which is sufficiently low to destroy the Ba-EDTA 
cooiplex, but not Pb-£DTA. A pH much below 4.5 will precipitate PbS04. 

Hfaoluliaa does not clear in 10 min. cool, add another mL NH4OH, let stand 2 min. and heat for 

anodier lO-min period. 

"The end point is most easily determined by comparison with a solution of similar composition that 
has been adjusted to pH 4.5 using a pH meter. 

10. Wash Ba-Ra sulfate precipitate with distilled water and mount in a manner suiuble for counting as 
given in 1's //. 12 or 13 following. 

11. Transfer Ba-Ra sulfite precipitate to a tared stainless steel planchet with a minimum of 95 ethyl 
alcohol and evaporate under an infrared lamp, .Add 2 mL acetone and 2 drops clear acrylic solution, 
disperse recipitate evenly, and evaporate under an infrared lamp. Dry in oven at 110°C, weigh, and 



Copyrighted material 



99 



detennine alpha activity, preferably with an internal proportional counter. Calculate net counts pa 
miiMite and weight of precipitate. 

12. Wdgh a membrane filter, a counting dish, and a weight (glass ring) as « imtL Tiansfer praeipilate to 

tared membrane filter In dish, ;u!J glass ring, and dry at 110°C. Wi-igh and count in one of the 
counters mentioned under ^ Ba above. Calculate net counts per minute and v^cight of precipitate. 

13. Add 20 mL distilled water to the Ba-Ra aulfale piecjpitate, let aettle in a steun hath, cool, and filter 
through a special funnel with a tared gla5» fiber filter. Dry precipitate at 1 ICC to constant weight, 
cool, and weigh. Mount precipitate on a nylon disk and ring with an alpha pho^bor on polyester 
plastic filiri*, and oount in an alpha icintiflation counter. Grienbte net coonts per munitB and wei^ 
of precipitate. 

14. If the isuiopic composition of the precipitate is to be estimated, perform additional counting as 
mentioned m the calculation below. 

15. Detennlnation cfamMned ^ciauy and s^-tAiorption fitctor: Prqian standnnds fircnn 1 L distilled 
water and the standard radium 226 solution (\ Cp preceding). Include at least one blank. The barium 
content will impo»s an upper limit of 3.0 mL on the volume of the standard radium 226 solution that 
can be used. If jc is volume of standard radium 226 added, then add (3.00-j[)niL BaClj carrief(13e 
above). Analyze standards as samples, beginning with tD/, but omit 3.00-mL BaCI] carrier. 

From the observed net count rate, calculate the combined factor, be, from the formula: 
Jbc« ft 

ad X 2.22 X pCi zadium 226 



where: 

ad = ingrowth factor (see below) multiplied by chemical yield. 
ttSee calculatioa that follows 



If all chemical yields on samples and standards are not essentially equal, the tetor be will not be a 
constant. In this event, coostnict a curve relating the factor be to varying weights of inoovered BaSQ,. 



where: 

a s ingrowth fiictor (as shown in die following tabulatioa): 
Ingrowth Al|^ Activity 



h 


from ™Ra 


0 


1.000 


1 


1.016 


2 


1.036 


3 


1.0.58 


4 


l.OSO 


5 


1.102 


6 


1.124 


24 


1.489 


4% 


1.905 


72 


2.253 



b = elticicncy factor tor alpha counting 
c * aelf-absoqitioa Actor 

d = chemical yield 
e = sample volume 
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The calculatiooii are based on the assumption that the radium is radium 226. if the observed 
oonoeotntion qqnoadies 3 pCi/L, it imy be desirable to follow the rate of ingrowth and estimate the iaotopic 
contend or, preferably, to delennine radium 226 by radon 222. 

The optimum in^jrowth periods can be selected only it the ratios and identities ot the radium isotopes 
are known. The number of observed count rales «t different ages must be equal to or greater than the number 
of radium isotopes present in a mixture. In thu t'cncral case, suitable aijL-s for counting arc 3 to 18 h for the 
first count; for isotopic analysis, additional counting at 7, 14, or 28 d is su^ested, dependinj; on the number 
of isotopes in tnixtuie. The amounts of the various radium isotopes can be determined by aolvii^ « set of 

simultaneous equations.' This approach is most satisfactory when radium 226 is the predominant isotope; in 
Other situations, the approach suffers from statistical counting errors. 

1. Kirby, H.W. 1954. Decay and {lowth tables for naturally occurring radioactive series. Ant^Oim. 
26:1063. 

2. Sill, C. 1960. Detenninatiaa of nulium-226, thorittm-230, and thorium-232. Rep. No. TID 7616 
(Oct.). U.S. Atomic Energy Comm., Washington, D.C. 

3. Goldin, A.S. 1961. Detemunaiiua ot dis.solved radium. Anal.Clian. 33:406. 

4. Hallden, N.A. & j.H. Harley. 1960. An improved alpha-counting technique. AnaLChem. 32:1961. 

5. STANDARD METHODS FOR THE EXAMINATION OF WATER AND WASTE WATER, APHA 
JSm EdMon(I992) 
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(c) Isotopic Analysis of Pu in Food Asti 

The method was set up for nil and has been changed slightly to use on food ash. The method includes 
a procedura for (A) 10 gnun tain samples and (B) a rapid procedure for 1 gram ash sample. 

I. PruceJure A 

Summary 

The principle of the analytical piDcedorB follows: A known quantity of plulonium-236 tracer is added 

to the ashed sample which is decomposed by sequential nitric acid-hydrolluoric acid and nitric acid-hydrofluoric 
acid-hydrochloric acid digestions. Boric acid is added to complex the fluoride ion and to aid in the extraction 
of plutonium from any remaining insoluble residue. Sequential iron hydroxide precipitations are performed vntk 
sodium hydroxide and ammonium hydroxide to respectively remove amphoteric elements and calcium and to 
eliminate soluble fluorides. The hydroxiile precipitate is dissolved in nitric acid saturated with boric acid and 
plutonium is isolated and purified by ion exciian^e separation. The plutonium is then electroplated on a stainless 
sted disk. The plutonium isotcqie and concentrations are determined by idpha qieetrometiy. 

Tracer 

Plutonium-236 solution - stock standard solution of 2.5 x 10* dpm of plutoniuin-236 in 2 M nitric acid 
in minimal solution (available from Amersham Coq}). Solution made for tracer should contain approjiiniately 
10 dpm/ml. 

Acids 

All solutions are made with distilled water. All acids are reagent grade and meet American Chemical 
Society (ACS) specificatiotts. 

(a) Buric Acid - crystalline 

(b) Hydrochloric Acid - concentrated (12 M). 4 M «nd 2 M 

(c) Hydrofluoric Acid - concentrated (485c s(ihitinn) 

(d) Nitric Acid - concentrated (16 M), 8 M saturated with boric acid, 8 M 

RftlfWrtll 

All solutions are made with distilled water. All reagents are reagent grade and meet ACS specifications 
unless otherwise defined. 

(a) Ammonium Hydroxide - concentrated (15 M) 

(b) Ammonium Iodide-Hydrochloric Acid Solution - I part of 1 M ammonium iodide to 20 parts 12 
M hydrochloric acid (freshly nude) 

(c) Anion Exchanye Resin - Dowex 1X4 (100-200 mesh, nitrate or chloride form) 

(d) Iron Carrier - 10 ing Fe (III)/inl inl^A hydrochloric acid 

(e) Sodium Bisulfite - anhydrous 
(0 Sodium Nitrite - crystalline 

(g) Sodium Hydroxide - 50% solution 

Instmmentation 

1. A winduwless 2 pi gas flow proportional counter. 

2. An alpha spectrometer system capable of 40 to 50 KeV resolution of actual samples electrode deposited 
on flat, minor finished stainless steel planchets with a counting efficiency of > 17% and a background 
of < 0.010 cpm over the designated energy region. Resolution is defined as the foil width half 
maximum (FWHM) in KeV, the distance those points on either side of the alpha peak where the 
counter is equal to one-half the maximum count (Heath, 1S>64) 

Anion Exchanee Resin Columna - Dowex 1X4 f 100-200 meSh nitrala ferm> 

Remove the flnes trom an appropriate amount of resin by repeated suspension in distilled water and 
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deeanUtion. Decant the water and add a volume of concentrated (16 Ni) nitric acid approximately equal to 50% 
of die volutne of die resin slurry. Using 8 M nitric acid from a wash botde» transfer sufficient lesin to a 1.3 
COD ID ion exchanjii: column to give u lO-cin bcJ of >cttled naio. Qmvert the resin to the nitrate form by 
paaaing 100 ml of 8 M nitric acid through the column at maximuin flow rate. 

Sample Decomposition 

1. Wdgb a representative 10.0 ± 0.1 ^ram of the food uah sample* and transfer to a 250 ml PTFE 
(Teflon) beaker. 

' Sample weiglit is approximalely 200 g before drying and ashing. 

2. Add 16 M nitric acid, a few drops at a time, as bst as die frodiuig and vigor of the reaction will 
permit imtil the entire sample is covered. 

3. Add an appropriate quantity of ptutonium-236 tracer. 

Note: If the activity is expected to be less than 1 dpm/g, or is unknown, add 10 dpm of the tracer. For 
higher lawds add as much plutonium-236 tracer as the estimated activity of plutonium-239 or 
pluloiuuni-238 in die sample. 

4. Add an additional 60 ml of 16 M nunc acid and 30 ml of 48% hydrotluuric acid and digest on a 
hotplale widi fieipient stirring (Tefkm srirring tod) for about 1 hour. 

Caution: Hydrofluoric acid is an extremely hazardous liquid. Use gloves to avoid contact with skin and 
work in a fiime hood to avoid breathing vapors. 

5. Remove fri)m the hotplate and cool somewhat hetore addinvi 30 ml each of 16 M nitric acid and 48% 
bydrutluuric acid. Digest on the hotplate with intenniltent .stirring for an additiunul hour. 

6. Remove from the hotplate and cool completely. Carefully add 20 ml ot 12 M HCI and stir. Heat on 
a hotplale for 45 minutes with occasional stirring after initial reaction has subsided. 

7. Add 5 8 of powdered boric add and digest for an additional IS minutes wiUi occasional stirring. 

8. Add approximately 200 mg of .sodium bisulfite crystals and continue licating until the solution has 
evaporated to a liquid volume of approximately 10 ml. 

9. Add 50 ml of distilled water and digest on a hotplate with stirring for 10 nunutcs to dissolve the 
soluble salts. (Some insoluble salts may remain.) 

Sodium Hydroxide Precipitation 

10. COol and transfer approximately equal parts of the total sample (including insolubles if present) into 
two 250 mi centriftige bottles widi a minimum of distilled water from a wash bottle. 

11. Add 1 ml of iron carrier solution (10 mg Fe^'*^/ml) to each centrifuge bottle and stir. 

12. Add 50% sodium hydroxide with stirring to each bottle to a pH of approximately 9. Add 5-10 ml 
excess of the sodium hydroxide and stir for 1 minute. 

13. Centrifuge for approximately S minutes, decant and discard the supenute(s). 

14. Dissolve each precipitate widi about 30 ml (60 ml total) of 8 2|{ nitric acid saturated with boric acid. 
Digest on a hot water bath for 10 minutes. 

15. Cool and centrifuge for 5 minutes. Decant die supenutes into die original 250 ml FTFB beaker and 
save. 

16. Wash each residue with approximately 10-20 ml (20-40 ml total) of 8 M mtr'C acid saturated with bone 
acid. Ctetriluge for 5 minutes and combine die snpenates with those in Step IS. (Discard remaining 
lesidue). 
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17. Heat the supemates od a hotplate and evaporate to near diyness. 
Ammonium Hydroxide Piectnitation 

18. Add approximately 30 ml ol water and heat to dissolve the salts. Cool, and transfer equal portions into 
centrifuge bottles. 

19. Add 15 Jjfl ammonium hydroxide dropwise with stirring to a pH of approximately 9. Centrifuge and 
diHHd the superoate. 

Jtit^ KM^n ye Sepantfiona 

20. Dianlve the priecipitate(8) with a volume of 16 M nHlnc acid appnndanliljr equal to the voiunie of Hie 

precipitatc(s) and transfer using 8 M oitric «cid into a 250 ml beaker. Add 8 jii nitric acid to a total 
volume of approximately 75 ml. 

Note: If the volume of the hydroxide precipitate is considerably greater than should be expected from 
the 10 mi! of Fe added, the tinal volume should be brcniL-ht up to approximately 100 ml uith 8 M nitric 
acid or, alternatively, the dissolved hydroxidcsi should be evaporated to salts before addition ot the 8 
M nitric acid aolutton. The final molarity of die HNQi is not extremely critical, but should be in Ae 
nutgeof 7<9. 

21. Add approximately 200 mg of sodium nitrite (NaNOj) crystals and stir with a stirring rod. Brii^g to 
a quick gentle boil on a hot pUte, and cool. Avoid prolonged heating. 

22. Pass the sample (at maximum flow rate) throujjh an anion-«xchan|;e resm column (nitrate form) 
prepared as described iMreviously. 

23. When the solution just drains to the top of the resin bed, add 8 M nitric acid to the colunui reservoir 
and wash fbe resfai column at maximum flow rale. Discard the effluents from the sample and wadies. 

24. Repeat step 23 until the resin column has been washed with a total of six column volumes of 8 M nitric 
acid. 

25. Wash the resin column with six column volumes of 12 M hydrochloric acid using the same technique. 
Discard the hydrochloric acid washes. 

26. Elutethe plulonium with four column volumes of freshly prepared ammonium iodide-hydrodlloricncid 
solution (1 part 1 M NH«1 to 20 parte of 12 M HCl) and collect in a 150 ml beaker. 

27. Evaporate the solution to approximatel) 5 ml on a hot plate. Add 2 ml of 16 M luttic mad after 
reaction slops. Add 1 ml HClOj. When ftimes start add 2 inl cone HjSO^ and evaporate down to • 1 nd 

of H2SO4. 

Prenaration and Plating of Sample 

28. To the beaker containing the sample, add 0.5 ml H2O. Swirl beaker and transfer the activity to the cell 
using a medicine dropper. 

29. Add 7 drops of 0.7 M HjSO^ and approximately 0.5 ml HjO to the beaker. Swirl and transfer with a 
d ropper to the cell. 

30. Wash the beaker with approximately 0.5 ml HjO once or twice and transfer to the cell with a dropper. 

31. Add indicator mediyl orange ormethyl red to the cell. 

32. Add to the cell one dropperfiil of NH4OH. Using automatic stirrer, titrate to the color cliange with 
NHpii. Back titrate with 0.7 M H2S04 to the color change. Add 2 drops in mceas. The volume 
should not be much above die stirrer, approximately 7 ml. 

33. Plate for 2 hours at appraximately 450 milliaraps, between 5 and 6 volts. Then add one dropperliit 
NH/)H and pUte for 1 mmute. Pour superaate mto a beaker and save until pbtmg has been known 
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34. Disassemble the oell. Rinse pUte in a beaker of HjO containing some NH4OH and then ignite in a 

tlame. 

Calculations 

pCi/g » A_ 

2.2xBxCxD 

B SB Instrument counting efficiency (Alpha spectrumeter/Silicone dioile dett^tor) 
B = BsJLEir C2» » 2 pi) 

C — Recovery factor 

C = 

Tx B 

D s Weight in grains of sample 

Rg * the net c()unting rate of the known dectroplated source over the entire energy region on the alpha 
spectrometer (cpm) 

Ej, s die counting efficiency of the 2t counter 

R], X the net counting rate of the same source (RJ on the 2 pi counter m cpm 
Rf " net count rate in ™Pu energy region 
T = time 
B =■ efficiency 
n. Procedure B 

The principle of the analytical procedure for 1 g sample follows (analysis of eftlueut and enviroiunenlal 

samples ffom uianium mills and of biological samples - U. S. Public Health Service, D> R. Rushing, Garcia 
and D. A. Oarie). 

A known amount of Pu-236 tracer is added to the sample which is decomposed by a flux which in turn 

is dissolved in 3 M H^SO^. The activity is then precipitateiJ, as LaFj which in turn is dissolved in 2 M. 
aluminum nitrate and 2 M UNO.. H) Jroxylamine hydrochk)riJc is added and then sodium nitrite to have the 
Pu all m the same slate. The solution is purified by TFA. Four samples tried - 2 tea and 2 pepper. Average 
mean recovery was 77.0 ± S.O 

Tracer 

Plutonium-236 solution - 2.S x 10* dpm of plulonium-236 in a 2 M nitric acid in minimal solution 
(available from Amersham Corp). Solution made up for tracer should contain approximately 10 dpm/ml. 

Acids 

All solutions are made with distilled water. All acids are reagent grade and meet the American 
Chemical Society (ACS) specifications. 

(a) Sulfuric Acid, concentrated 

(b) Hydrofluoric Acid, concentrated and 1 M 

(c) Nitric Acid 10 M. 2 M «nd 1 M 

(d) Perchloric Acid, concentrated 
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Reagents 

All solutions are inade in distilled water tuIeK noted. All reaganls are reagflnt grade and meet ACS 
specifications unless defined otiierwise. 

(a) TTA in benzene, 0.45 M. 

(b) Aluminum Nitrate, 2 M 

(c) Hydrogen Peroxide, 30% 

(d) Hydroxylamine Hydrochloride, 1 M 

(e) Sodium Nitrate, crystalline 
(0 Sodium Carbonate, anhydrous 
(j) Sodium Tetraborate, powdered 
(h) I jinthanitim Nitnte, 20 mg/wl 

Ingtnunentation 

1. A wtndowless 2 pi gas flow proportional coiinler. 

2. An alpha spectrometer system capable of 40 to 50 KeV resolution of actual samples electrode 

deposited on Hat. minor t'mished stainless steel [ Ku I. i v.ith a Qountins efficiency frf 
>I7% and a b:ul- jnmnJ of < 0.0 10 cpm over the dc.sis:naii.J chlti'V region. Resolution is 
defined us the tuil vvidlh lialt maximum (FVVHM) in KeV. the distance tho.se points on either 
side of the alpha peak where the counter is equal to one-half the maxlflium count (Heath, 
1964). 

Procedure tor a 1 t? Ash Smnple for PUitonium in Food 

1. Use Nicholson's original tlux - sodium carbonate and sodium tetrabonate in a ratio 3: 1 - mix well and 
tiien place it in a platinum dish. Heat and fuse the contents of the dish and mix thoroughly by 
swirling. Let the flux cool and grind it with a porcelain mortar and pestles so that it passes a 10 mash 
scieen or finer. 

2. Weigh a g of sample and then weigh 8 g of the ground flux, mix both well m a suitable ptetinum 
crucible. 

3. Add known amount of Pu for recovery. 

4. Heat the mixture until dissolved (fused), then cool. 

5. Place crucible in a pbatic beaker containing 120 ml HjO, 20 ml cone H^4, 1 ml La carrier 
(20 mg/ml) and I ml HjQj -when the fused mixture is released from crucible remove the crucible snd 
rinse well with HjO. 

6. Whenreactionhasstopped. stir with a tdlon stirrer and add 10 ml cone HF and let stand at least 1/2 
hour. 

7. Centrifuge the precipitate (LaFj) in phstic tube. 

8. Wash the precipitate with a solution of approximately 10 ml of 1 ^ HNO, and 1 M HF 

9. Dissolve prccipiiuie with a 1.2 ml of 2 M aluminum nitrate and 4 ml 2M HNO^. stir and heat lightly 
(in H^O bath), allow approximately 5 minutes, then cool. 

10. Add 1 ml 1 M hydroxylamine hydrochloride to solution and heat for 5 minutes, then cool. 

11. Transfer the solution (which is 6.2 ml) into a small separatory funnel, preferably a 60 ml one. 

12. Weigh out 0.276 g of NaNOj and dissolve it in 2 ml H:0. 

13. Add the above NaNO; solution to separatory funnel and mix well. 

14. When reaction is complete add 8.2 ml 0.4S M TTA and then shake (extract) for 5 minutes. 
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15. Discard the aqueous phase. 

16. WMb orpaue phase 2 times with 1 M HNOj, shaking each time for 1-2 minutes. 

17. Back extract Pu wiUi equal volumes of lOM HNO^ twice, shaking for 1-2 minutes each time. Combine 
aqueous hiyeiB in a 100 ml beaker. 

18. Evaporate to approximately S ml, then all 1 ml of cone. HClOj and 1 ml cone. HjSO^. Heat until 
ftunes of HQO) have slopped. Sample is leady for plating. 

19. Proceed to Step 28, Preparation and Plating of Sample of Procedure A. 
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(fO Determination or Thorium by Alpha Spectrometry 
A pplication 

This inelbod is applicable to the analysis of various types of solubilized environmental samples. 



Lanthanum carrier is used to co-precipiute thorium as the tluoride with HF. Solution of the precipitile 
is aoeomididied by wuming with HG and HjBO). The pracipitattoo of lanlhaoum (Th) hydroxide nmaves die 

alkaline earths cnntamination. Solution of the hydroxide precipitate in concentrated HCI and the subsequent 
passage through an anion column removes sevend contanunating nuclides, since thorium is iw>t sorbed on the 
anion column it any Hd conoentration. 

The efilueot from the ion exchange column, which contains the Th, is evaporated to dryness. The 
residue is dissolved in 0.2M HNO, and the Th extracted with TTA to separate the Th finoro the La carrier. 

The thorium is then plated on a 1" stainless steel disk. The total thorium activity is determined by 
measuring the alpha activity in an internal proportion counter. The isotopes of thorium present may be 
deterauned by alpha spectrometry. 

Reayents 

Lanthanum carrier - 12 mg La***/rol 

Hydrofluoric acid. HF- - 4^ 

Boric acid, H^BOj - saturated solution 

Hydrochloric acid, HCI - coooentrated. 4Mt 0.7M 

Ammonium hydroxide, NH4OH - conkrcntrated 

Anion exchange resin - Dowex AG iXlO, (2UO-40O) mesh, chloride 

form, see Appendix at end of Mediod for preparation 
Nitric acid, HNOj - concentrated, 0.2£lt 4M 
Perchloric acid. HCIO, - 10% 

2-Theaoyllrifluoroacetonc, TTA - 10% w/v in benzene 
Sulliirie acid, H2SO4 • conoentfated, 0.7M 
Mediyl red or methyl oranse 

Sptcial Ar)nar;itilg 

Electroplating apparatus 
Electroplating cell 

Stainless steel plating disks, 1 inch diameter 

Interaal prop<>rtinn cmmtfr 
Alpha scintillation spectrometer 
Ion exchange colimms 

Procedure 

1. To a suitable aliquot of a solubilized sample in a Teflon beaker add ooncentraled HCI until strongly 
acid. Add 1 ml of La*"^^ carrier. 

2. Add 2 ml of hydrofluoric acid and mix thoroughly. Allow to atand for one hour for tlw pfeelpttato to 

form completely. Decant. Di.scard the supernatant liquid. Transfer the pracipitalB to a 40 nl 
polycarbonate centrifuge tube. Centrifuge. Discard the supernatant liquid. 

3. Dissolve the precipitate wifli 2 ml of a taturated solution of I^BOj and 1 ml of canoentiated HCI. 
Dilute to 30 ml with water. 

4. Make the solution alkaline with concentrated NH4OH. Centrifuge. Discard Hie supernatant liquid. 

5. Dissolve the precipitate with concentrated HCI and sorb onto the Dowex anion column (see Appendix 
at end of Method column preparation). 
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6. Wash the column with 35 nil ut concentrated HCl. Collect the etiluent, which contains the thorium, 
in a 150 ml beaker. 

7. Evaporate the effluent lo dryness on a hot plate. Add 1 ml of concentrated HNOj and 1 ml of 70% 
HCIO4 and again take to dryness. 

8. Dissolve the residue in approximately 10 ml of 0.2M UNO,. Pvuir the solution intu a 60 ml separately 
funnel. Rin:ie the beaker with 1 ml of 0.2M HNO3 and combine with the solution in the funnel. 

9. Add 10 ml of 10% TTA soliiti n t 1 the separatory funnel and shake for S minutes. Draw off tfie 
aqueous layer into a clean 60 ml tunnel. 

10. Add 10 ml of 10% TI'A solution lo the fiinna] oontainiac the aqueous layer and diake again for S 
nunutes. Draw off and discard the aqueous layer. 

tl. ■ Combine the ofganic phases into one of the fonnels. Rinse the mnpty aqMratoiy funnel with 10 ml 
of 4M HNO, and add this to the fbnnd containing the TTA. 

12. Shake the TTA-HNO, mixture for 5 minutes. Draw off the aqueous layer into a 150 ml beaker. 

13. Add 10 ml i)t 4N1 HNO^ tn the organic pha.se in the separatory funnel. Shake again for 5 minutes. 
Draw off the aqueouji layer and combine with the solution in the 150 ml beaker. 

14. Add 1 ml of concentrated HNO] and 1 ml of 70% HCIO4 to the combined aqueous layers and take to 

dryness on a hot plate. 

15. Add 1 ml of water to the electroplating cell. 

16. To the beaker containing the sample add 7 drops of concentrated H2SO4 and 0.5 ml HjO. Swirl beaker 
and transfer the thorium to the cell using a medicine dropper. 

17. Wash beaker with 7 drops concentrated H^04 and 0.5 ml H2O and transfer to the cell with a medicine 
dropper* 

18. Wash beaker twice with approximately 0.5 ml HiO and transfer to the cell with a dropper. 

19. Add a drop of methyl orani-'e or methyl red to the cell. Add fresh concentrated ammonia (or ammonia 
that has been stored under oil to keep free of CO3) dropwise until there is a color change. 

20. Back-titrate with 0.7M H:S04 to the color duuige. Add two drops in excess. The volume should not 
be much above the stirrer. (~7inl) 

21. Phte far one hour at approximately 450 milliamps, between 5 and 6 volts. Then add one droppnfiil 
of carbonate-tree NH^OM and plate for ooe minute. Pouf solution into a beaker and save until plating 
is known to have been successful. 

22. Disassemble the cell. Rinse plate in a beaker of H^O conlaininy some carbonate-free NH/)H and 
ignite in a flame. If a stainless steel plate has been used, flame until the plated area just tiuns blue. 

23. Count the plated sample in an inleroal proportion counter to obtain gross alpha counts. Then count 
in an alpha spectrometer. 
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CilnJatioM 

total dpm " net cpm (IPC) 

efficiency 

pCi of Tb isotope/aliquot taken = Counts in peak channels x toul dpm 

(2.22) total counts in tU cbamwl* 
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2. Kraus, K. A., Moore, G. E., and Nelson, F., "Anion Exchange Studies XXI. Th (IV) and U (IV) in 
Hydrochloric Acid. Sepinition of Thorium, Protactinium and Uianium,* J. Am. Chem. Soc., 2& 2692 
(1956). 

3. Hyde, E. K.. "The Radioclwtnistiy of Tlioriuin,' NAS-NS 3004. Jaouaiy 1960. 

4. Bamttai, E. J., E. S. Ferri and T. C. Reav^ "Analysis of EnvinNinienlal Samples: Supplemeataiy, 
Chemical and Radiodtemical Pmceduies* NERHL6S-4, Northeastern Radiologicat Healfli Labonlovy 

(1965) 

A ppaidht 

Prt;paration uf union column: 

Dowex AG 1X10, CI' form, 200-400 mesh. A glass tube 16 mm in diameter and 17 cm-24 cm long 
is drawn out to a tip at one end. A glass wool plug is placed at this end. Add to the tube a water 
duny of nsin until it settles to a oolama lieiglit of 6.S cm. Pisco a gbns wool plitg on lap of tlw 
column Wash the icHn suooBssivdy with 20 ml 1^ HQ. 20 ml 4M HQ. 20 ml 0.7M HQ, «id 20 
ml of 12M HCl. 
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INTRODUCTION 

The quality of the data reported depends not only upon the care wnth which sampling and analysis aie 

pcrtbrmcJ, hut also upon the care w ith uliich calculations of the resuitiny Jala are perfurnied, and upon the 
manner in which the data arc presented in reports.'" A kay aspect of a quality assurance program is maintaining 
reoonb that document every step of the process lliat leads to the data that ultimately are reported. 

LABORATORY RECORDS 

A measurement is useful if i( is representative of the enviroomeatal material or parameter tfiat is under 

study. Laboratory notes made during the analysis of a sample serve as a basis For jiidiiing the quality of the 
analysis, indicating whether any problems arose during the analytical procedures that might have adversely 
affected their outcome. For this reason, every effort should be made during sample preparation and analysis 
to record all aspects of the procedure that niiyht reasonably he expected to affect the outcome of the analysis. 
As a general rule, every possibly relevant variable that is amenable to quantification should be recorded, even 
if only by a chfldc mark on a form. Thew nsoords may be needed not only by the person who is writing ihem, 
and only for the time period during which they are being written, but in many instances they may be needed 
by other persons and at some future time. It is important, therefore, that the notes be both L-L-ibie and clear 
in meaning, so that others who read them will be able tu reconstruct the events that are rclcried to. 

It is often con%'enient to preserve electronically the data records from those instruments which provide 
digital electronic output signals. When this is dune, great care must be taken to ensure that bkKks ut data are 
thoroughly annotated to identify the time and location and all other important circumstances concerning Hie 
measurements. Often the best way to do this is tooiganize blocks of data into files with distinctive file names, 
and to keep a logbook with the supporting infcHination for each tile. Alternatively, if electronic editing 
capabilities are available, comments can he entered into the data file itself. 

DATA REDUCTION AND STORAGE 

Thm are types of data, such as those related to ptHsible legal actkms involving the Govemmeirt, Hnt 
should be stored indefinitely. When data are stored electronically, backup tiles imist be prepared to eliminate 
the possibility that the data may inadvertently be lost. When it begins to become evident that a medium on 
which data are slorad, such as a particular type of naigaatw disk or tape, is in danger of becoming oboolate, 
and tfasrs is thus a daitger that the data will become irnatrievable, the data should be copied to a better medium. 

Whenever data are to lie transferred or stored, an appropriate control procedure should l>e esitaMiriied 
to minimize the danger that human error will compromise the quality of the data. Data reduction is normally 
accomplished electronically using computer programs, both to avoid the drudgery of repealed 'hand" 
calculations and to avoid calculation errors. For small numbers of unusual measurements or samples, however, 
hand calculations may be more efficient than wriiiiii; a computer program of limited applicability. When 
unfamiliar calculations are performed, whether by hand or by usini.' computer pros-'rams. care must be taken 
tu be sure that the logic built into the calculation is correct. Calculations arc often checked by performing them 
on data that lead to a known result. 

DATA REPORTING 

When data are reported, an estimate of their uncertainty must he given. Contained below are the 
guidelines and definitions of the terms that are useful fur reporting the errors and uncertainties of data. The 
meaning of reported uncertainties must be indicated either by stating exactly what they represent or by 
describing how they were calculated, because a simple X ± Y statement may be interpreted in any one of a 
nunibc'r of ua\ s. The statement of uncertainly shmitd include evtiinates of all siynificant sources of error 
involved, whether these result from the field measurement or sampling pha.se, the analysis pha.se or the data 
teduction phase, if they will affect the final result within the number of significant figures reported. 

When data are reported, the reporting format must be commensurate with their expected use. Tables 
of data allow the lull presentation of values and of their estimated uncertainties. Graphical presentation typically 
allows better visualization of the data. With both tabular and iiraphical presentatiims. it is important to assume 
that nothing will be immediately obvious to the reader, and the column headings or legends must include all 
information that is necessary in order to understand the data that are presented. 
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When (lata are presented, it is impurtant tu rcpurt only the appropriate number of significant figures. 
Usully die cbbi should be carried to additional figurai during preliminary calculations and then the final lesult 
should be rounded off to the proper numlvr of significant figures. When the luhles are printed by a computer, 
the format that is used may result in loo many decimal places being reported fur some samples. If this happens, 
the table ^ould be edited to limit all data to the appropriate number of figures. One approach to determining 
the number of significant figures to be reported (Sandersi>n et al., 1980)'^' first determines the number of 
significant figures in (he uncertainty, and rounds the reported value to the same deciiiinl place as the uncertainty. 
In this approach, it is assumed that the rouiided-utf standard deviation re{X)rCed siiouid not ditter from the 
cakwlateid vdue of die standaid deviation 1^ move (ban 20%. For exampK if the cakulaled Maadant deviatkn 
il 0.163S, it should he reported as 0.16. which differs from the original by over 22%. The value of the 
measuraoeot is then rounded such that its last significant figure will be in the same decimal place as that of the 
enofa 

When data are presented in memoranda or reports, it is usually both possible and desirable to include 
a oomplete discussion of the quality assuianoe data ttat aie pertinent to die measttrenients. The infbnmitiofi to 
be presented may include, in addition to the uncertainties, various statistical tests and indications of analytical 
sensitivity, such as the lower linut of detection (LLD), the instrumental detection limit (IDL), the method 
detection limit (MDL), the limit ot detection (LOD) Currie, 1988),'" 

the specificity (ideotifieation), and purity (absence of contaminant). The spedfidty and purity may be estimaled 

from the resolution of a signal or from the goodness of fit to known quantities, such as energy, wavelength Of 
rate of radioactive decay. Reporting the results for ({uality control samples, replicates and blank samples also 
provides important infonnatioo about die quaUty of data. If a diseuaaion of quality assuraooe cannot be included 
in a journal or symposium publication, normally a separate, supporting quality assurance report should be 
prepared. 

Terms .such as 'Hclow detection limits" should not be reported in place of Iheactual analytical results 
obtained. Rep<^rting re.sults as "less than* .some minimum detectable level also results in some loss of statistical 
information, and may lead to erroneous interpretations. When low activities or concentrations are mea.sured, 
the actual results obtained, including any negative values, normally should be reported along with the associated 
overall uncertainties and the measures of analytical .sensitivity that are mentioned above. .An interpretation of 
negative values can be included in the text. Waite et al. (1980)^^' and Gilbert Kinnison (1981) have discussed 
techoiqnes that may be followed in averaging data sets dnt contain "less than' values. 

A number of terms have been used by the sciciititic conmiunity to describe data quality, but these terms 
aie dtea given diffisfent meanings by diflfisfent individuals. The definitioas that follow are die preferred ussge 
for die puqxwes of this document and have been taken fipm Croailcin (1985]^, Taylor (1985, l9STf^ and 
Taylor and Opperman (1986).*". 

Bmr • The difference between the true value and the measured value of a quantity or parameter. 

UlWgrtaUity - The range of values within which the true value is estimated tu lie. It is a best estimate 
of possible inaccuiacy due to both random and systematic errors. 

Random Errors - Errors that vary in a nonreproducible way around the limiting mean. These erron 
can be treated statistically by use of the laws of probability. 

Systenialic Errors - Errors that are rcpioducihlc and tend to bias a result in one direction. Their 
causes can be a.ssigned. ut least in principle, and they can have bi>lh constant imd variable components. 
Generally, these erron cannot be treated statistically. 

A sUUcinent of uncertainty assign-s credil)le limits to the reported value, stating to what extent that value 
may differ from its true value. The uncertainty of a measured value can be defined by a statistically determined 
confidence inter\'al for the ramiom error and by an estimate of the hounds Cor syslcnuitic error: they should he 
Stated separately. When appropriate, they may also be combined into a single range to describe the overall 
uncertainty. Since there are a variety of methods suggested in the literature for oonibining random and 
systematic errors, the particular methinl u.sed must be explicitly stated. One accepted practice (Croarkin, 
1985)*^ is to combine in quadrature, systuiruitic errors that are known to be independent, to add linearly 
qntematic errors that may not be independent, and to combine systematic and random errors linearly. The 
confidence levd chosen must he stated whenever a confidence interval is rqiorted. 

Systematic errors which can be determined by calculation or by experiment should be eliminated by 
an appropriate correction. Estimating the magnitude of some systematic erron may require scientific judgement 
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on the put of tiM experimeiitsr. AU tifnificaot sotuces of error should b» ideotifi«d and raported. 
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m RADIATION PROTECTION GUIDELINES 

1. PHIL050PIIY OF RADIATION PROTECTION 

Ihc setting and execution ot j>ui(iclinci> tur rudialiun prutcctiun arc based upon an underlying 
philosophy in which two faclon an of prime impoiHAOs. Ftfst is the assumptioa that nidiatioa effects follow 
a linear, or non-threshold dose-response relationship. There is convincing eviilc-nt i-. [larticularly insofar as the 
geneCic etTecls of radiation arc concerned, tluit there cxuis a nun-threshold phenomenon; and although positive 
proof is thus fiur lacking, it has been deemed prudent to adopt this more conservative hypodiests in settinf 
protection standards for lar^'e nuinl>ers of people. According t<i the- nnn-tlueshold concept, there is no radiation 
dose so small that it does not involve some degree of risk. The non-threshold relatl<1n^hlp. therefore, implies 
that tfme is no radiation proiectioa guideline, no matter how low» winch cut inBUrt. ahvi.-iuic sutety to every 
individual in a large population receiving the guideline dosage. However, since the nuiirniiudc ot the risk is 
proportional to the dose received, untoward effects would become manifest at very low dose levels Ooly if 
extreme large numbers of exposed individuals were observed. 

TTie second major factor to consider is that ladiation, like many other developments of modem life 
(such as the automobile) confers great benetit upon both society and the individual along with its risk to health. 
Consideration of the extend of these benefits makes a certain degree of risk acceptable. Thus, a balance must 
be struck in each contemplated radiation U'-av'e. in which the henctit to li- uained is wciL'lied against the 
anticipated risk. If the benetit outweighs (he risk, the radiation is utihzed so that its maximum benefit will be 
lealiaed while human exposure will be maintained at the ndnimum consistent with deriving these benefits. The 
overall public health philosophy, then, is to attain maximum advantage from the ase of ionizing radiation while 
roiaimiziiig concomitant exposure, that is, eliminating wherever possible all unnecessary exposure to radiation. 

The Radiatioa Protection Guide (RPG) may be defined as the radiation dose which should not be 
exceeded w ithout careful considenition of the reasons for so doing. In light of the non-threshold phenomenon, 
every effort should be made to encourage the maintenance of radiation exposures as far below the guide as 
pfucticable. Methods of estimating guides are primarily based on past experience in which individuals have 
been exposed to radiation for various reasons and upon animal experiments which ha\ e contributed greatly to 
the study of the effects of radiation. From this combined knowledge and from an understanding of the relative 
biological damage produced by various types of radiation, protection guides for whole-body exposuTD and Ibr 
various organs ha\ e been recommended. These guides, of couise, rqHCsent doses fin- below those at which 
any effects have thus far been observed. 

2. BASISTOR RADUTION PROTECTION GUIDES 

Establishment of "safe" levels of long-term radiation dose requires knowledge of the cause-effect 
rdationship between radiation dose and biological damage. Such damsge may appear many years afler initial 

exposure and is usually indistinguishable from the normal disea-ses and impairments of man. Information 
accumulated on this subject is, therefore, difficult to evaluate and is often controversial. Nevertheless, 
observations involving roan and animal life have lesulled in the accumulation of significant data. These include: 

A. Genetic ElTects 

1. Studies involving fruit Hies and mice 

2. Hiroshima and Nagasaki papulations (inconclusive) 

B. Incidence of Neopbsms 

1. Bone tumors in nullum dial painters 

2. Leukemia in radiologists 

3. Thyroid carcinoma in children irradiated in infancy 

4. Various neoplastic diseases, including leukemia, in patients receiving therapeutic radiation for a 
variety of reasons 

5. Leukemia in offspring of mothers imidiated during pngnan^. 

6. Leukemia in survivors of Hiroshima and Nagasaki bombings 

C. Lifespan ShortcniitR 

1. Studies with various animal species. 

2. Radiologists vs. oAer physicians 
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Evaiuatiuiui ut these ubservuliunii in terms ol° allowable radiation dose to man is an exceedingly complex 
lade. The Nitional Council on Radiation Protection and Measurements (NCRP) has accepted the task and over 

the past 30 years has established recommendations regarding maximum permissible doKes. Because of the 
fragmentary evidence cumntly available, the NCRP points out that these levels are not necessarily ooropleldy 
safe limits but rather levels which should curry an acceptable risk. 

In 1959, the Federal RaJutmn Council uas Conned to provide a Federal policy on human radiation 
exposure. This urgunizatiun publislicd ils tii^t report iti May, 1900. Its rccoiuiiicndutiuns were essentially the 
same as those of the NCRP and the International Cbmmissian of Radiological Protection (ICRP). The Council 

sTiggested, however, that the terms "Radiation Protection Guides" replace the former "Maximum Permissible 
Doses. ' The newer terminology recoimncndcd by the Federal Radiation Council is used throughout this section. 

3. CURRENT RECOMMENDED DOSE LIMITS 

RadistiGa Protoctioo Guides vary depending on whether the whole body or only a portion thereof is 
eixposed and whether radiation woikers or the general public is involved. 

A. Rudiution Workers 

1. ACCUMULATED DOSE (EXTERNAL SOURCES) 

a. For exienul ratposure to the whole body, the maximum avenge dose rale should not exceed 5 rems 
per year (0.05 S\' per year). The same dose rate applies lo the head and trunk, active blood fonning organs, 
the gonadii, and the lenses of the eyes. 

No occupational dose is allowed persons under 18 years of age. The accumulated dose at any 
subsequent age, therefore, should not exceed 5(N-I8) lems (0.0S(N-18) Sv), where N is the age of the worker 
injrears. 

b. Generally, however, where only a single portion ot the l-xijy is exposed. Radiation Protection Guide 
average dose rates are hi^jher. For example, it is recommended that the avcra^je dose rale to the hands and 
forearms and to the feet and ankles should not exceed 75 rents per year (0.7S Sv per year). 

2. ACCUMULATED DOSE (INTERNAL SOURCES) 

a Certain elements, upon iniiestion, inhalation, etc., deposit uniformly throughout the btxly. 
Radioisotopes ot these elements deliver a dose to the whole body. The Radiation Protection Guide dose rate 
fbr whole body exposure fitom sudi radionuclides has the same limit ss from external sources (i.e., 5 Tens per 
yew or 0.05 Sv per year). No occupational exposuns is allowed persons under 18 years of age. 

b. Other radionuclides tend to localize in one or more selected body organs. Based on the essentiality 
of the organ to proper body function, q>idemiological experience with radium, and genetic considerations, odier 
Radiation Protection Guides have been specified for selected critical body organs. 

(!) For most individual organs, it is recommended that the maximum average dose rate not exceed 
15 rems per year (0. 15 Sv per year). 

(2) For the thyroid and skin, the nmxiinuin average dose rale should not exceed 30 rents per year 
(0.30 Sv per year); for the gonads, the average dose rate should not exceed 5 ferns per year (0.05 Sv per year). 

(3) For compact hone, the maximum permissible dose rate is limited lo the avera-je dose rate which 
would result from a body burden of 0.1 inicrocurie (3.7 x lO' Bip of radium. (This amount of radium would 
yield a dose rate of approximately 28 runs per year (0.28 Sv per year)). 
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B. General Population Groups 

Recommended Radiation Protection Guides for the general population are considerably below those for 
radiation workers. One i>f t!ie reuMins for this stricter limitation on allowable dose is related to the possibility 
of genetic effects from radiation exposure. Becau.se the general population contains all of the germ plasm 
coutioUing the genetic viability of the nee, any mutational efGscts on this population wouM have a ftr greater 
total impact than exposure of that small segment of the population wolridJ^{ with radiation. 

Oirrently it is lecommended that the yearly radiation exposure of individuals in genenil population 

(exclusive of natural background and the deliberate exposure of patients by dentists and doctors) should be held 
to one-tenth of the permissible occupational levels. Thus, for whole-body exposure of individuals in the general 
population, the radiation dose should not exceed 0.5 rem per year. 

Fxpcisure of the total p(>puhition (this includes radiation workers and special groups, as well as the 
general population) presents a diltcrcnt problem. Here it is necessary to make assumptions concemmg the 
vehlionriup between the reoonunended Radiation Protection Guide of 0.5 rem per year (0.005 Sv per year) for 
individuals in the general population, and the average dose received by average total population groups. The 
Federal Radiation Council suggests the use of the arbitrary assumption that the majority of individuals do not 
vary firom the average by a factor greater than three. Thus, they recommend the use of 0. 17 rem (0.0017 Sv) 
as a Radiation Protection Guide tor yearly whole-body exposure of average total population groiip> Tliis is 
in keeping with their recommendation that the average genetically significant dose to the total population not 
exceed 5 rems (0.05 Sv) up to age 30 (exclusive of natural background and purposeful exposure of patients by 
pnctionen of the healing arts). 

Aaseasment of the amount of radiation dose received by a given individual or population group requina 
totalling the doses received from external and internal sources. External exposures may be measured with a 

sufficient degree of accuracy by direct roentgen-rate monitoring procedures. Internal doses arc assessed in 
terms of the concentration of specific radionuclides in air, water, milk, and food which may be inhaled or 
ingested. To emMe comparison of the radioactivity concentrations measured u these various environmental 
phases with Radiation Protection Guides , concentration values' which a» rahted to die established RPG have 
been derived for many radionuclides. 

'Concentration values are expressed in terms of Radioactivity Concentration Guides (RCG) or 
Maximum Permissible Concentrations (MPC). 



C Factors Innucnditg Radioactivity Ctonaartralion Guides 

The Radioactivity Concentration Guide is the concentration of nulionctivity in the environment which 
is determined to result in whole-body or organ doses equal to the RPG. In calculating ROO values for a given 
nulionuclide, the following factors must be taken into consideration: 

1. INITIAL BODY UPTAKE 

Large fractions of some elements are absorbed when taken into the body. In the case of certain other 
elements, only small fractions are absoibed in passage dtrough the gastrointestinal tract. 

Therefore, the greater retention would increase the hazard from the first group as compared with the 
second, other fodon being equal. 

When radionuclides are inhaled, unless information specific to the radionuclide is available, it is 
assumed, in the case of soluble compounds, that 25 percent is retained in the lower respiratory tract. From 
here, the nuclides move into the Uood stream and a portion of each is deposited in its critical tissue within a 
few days. Approximately 50 percent is held in the upper respiratory tract and is swallowed. In the ca.se of 
insoluble compounds, it is assumed that 12 percent is retained in the lower respiratory tract, which is usually 
taken as a critical organ. The rtsmainder is eliminated by exhalation and swallowing. 

2. FRACTION RETAINED IN 1 HE BODY 

The rate of elimination from the blood and tissues of the body varies considerably for different elements 
or compounds. The time required for one-half of the original quantity of radioactive material to be removed 
from the body by biological processes is called the biological half-life. 
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Some nmlerials in the blood iitr«»iu are diintnatcJ ntpidly from the body whereas lar^e tractions of 
odien lenuiin in the body organs. For example, radium, plutonium, and strontium are deposited in the hone 

where the rate of turnover is very slow; i.e.; the hiolDgical half-lite is many years. Radioisotopes of these 
elements are much more hazardous than those of carbon, sodium, and sulfur which have biolo<.'icul half-lives 
of a few days or weeks. The principal biological methods of elimination of radionuclides from the body are 
the urine, feces, exhalation, and perspiration. Usually elimination is muv:h nune rapid before the radionuclide 
is translocated from the hoJy Id a nir)!L' permanent area, such as the bone. Thi.s time is usually from a few days 
to a few weeks. After the milial jKriod, the elimination rate becomes more ne;irly expimential, and the 
applicatkn of the term "biological half-lifis" has more meaning. 



a. Kadiwien&itivitjr - Certain body organs or tissues are more radioiiensitive than otiwrs. For example, 
the lymphatic timie and bone marrow are much mora ndioseosltivs than muscle or nerve tissue. Therefore, 
in equal concentrations, an element like plutonium is more hazardous than uranium because ttu ; luionium 
concentrates in the most sensitive part of the bone, whereas the Uiaoium gOCS tO Other portions of the bone, tO 

the kidnc>s, and to other relatively insensitive organs. 

b. Si/e - For a L'i\ en number of microcuries of a radionuclide in a critical ori.'an. the smaller the organ 
the greater the concentration and the greater the dose delivered to the critical tissue. Iodine presents a much 
greater problem than sodium, since the iodine is very selectively absorbed in a much smaller organ, the thjrroid 
ghuid. whereas sodium is rather unifoiinly distributed throughout the whole hod). In lu.iny cases the 
radionuclide is deposited in a large organ but localized in a small portion of that organ, so that, in effect, the 
oiaaa of the critical tissue may become very small. 

C. Es.sentiulity - Some ortians are either not essential to the body function, or, when they are damaged 
or renooved, special steps can be taken to supplement or compensate for their reduced function. For the.se 
leasoos damage in some cases to the hone-marrow, kidneys, eyes, etc., may represent a greater hazard than 
equal tisaue damage to the thyroid gland. 

4. PHYSICAL PROPERTIES OF THE RADIONUCLIDE 

a. Type und Energy uf Rudiatioii - The hazard is proportional to the relative biological effectiveness 
or quality factor of the radiation; e.g. , alpha radiation is more damaging than beta radiation for a given enetgy 
of radiation. As the energy of the radiation is increased, the damage also increases. 

b. Huir-Life - The shorter the physical or radioactive half-life of a radionuclide, the less is the 
biological hazard. The radioactive half-life and the biological half-Ufo nuy be combined into a single 
'efSactive' half-life by means of the formula: 



D. Calcultitioiis of Radioactivily Concentration Guides 

As an example of the approach used in determining RCG values, the case of cesium- 137 is illustrated. 

1. The elemeat cesium is distributed rather uniformly throughout the body. Therefora, an RPO for 
the radiation worker of five rem per year is selected for any radioisotope of this element. 

2. Experimental and theoretical studies have shown that the presence in the body of 30 microcuries 

(1. 1 1 X \(f Bq) of '"Cs will yield a whole body dose rate of live rems pef year. This quantity, 30 microcuries, 
is referred to as the 'maximum permissible body burden" for '"Cs. 

-In certain instances, an Olgan of the body, such as the Gl tract or lung, may receive a significant dose 
due to the mere presence of the radionuclide in floaterial inhaled or ingested. Under these 
circumstances, the organ so exposed (even though not abaorbiqg the radionuclide) nwy become the 
"critical organ." 
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3. If, hovraver, 30 microcuries (1 . 1 1 x 10^ Bq) of '"Cs were deposited within the body, they would 
not remain there long because of biological elimiiiation and radioactive decay. Therefoie, a oflftain amount 
oould be iqgested continually without exceeding the niaxinuim permissible body burden. 

4. A "standard mm* consumee appraximatdy 2200 inillililen of water per day. Appraxinately oo»> 

half of this is ingested during the working hours. If the daily intake of "^Cs via drinking water is to be limited 
such that the 'maximum permissible body burden* will not be exceeded (U-O.S Sv) (and the average yearly 
ndlation worker whole-body dose nte not exceed five lenis), then die ooaceotiatioa of this nuclide in drinking 
water must not exceed 4x\0* mCi/ml (14.8 Bq/ml), is the Radioactivity Concentration Guide (RCG) for '"Cs 
in drinking water for consumption by nuliatioo workers, based on an eight-hour per day, 40-hour work week 
for a ndiation worker. . 

In a similar manner, it can be shown that an averaije conccntratmn n| (iXKT* Ci/ml soluble "'Cs in 
air u) the workmg envirunment would result in a worker rccciviin; a wholc-budy dose rate ot five reiiis per year. 

When efforts were first made to establish permissible body burdens and Radioactivity Gnwentratioa 

Guide values for the various radionuclides, it became e\ ident that it would be Jifficult, if not impossible, to 
compare suggested values from the different laboratories unless all used the !>aine basic assumptions relative to 
the average man. Most of the calculatjoos were based on the same fundamental physical assumptions relative 
to the energy schemes and radioactive half-life values, but each person making Uiese calculations used his own 

preferred values for the mass ami effective ratlin-, of t!i,- h;itly oiijans, the rates of ingestion and inhalation, 
elimination rate.s, etc. This ditliculty was recogiii7.ed at several iiujor conferences. As a consequence certain 
duuncteristica of the so-called "standard man" wera agreed upon. 

F. Graded System uf Actions 

It was tell by the Federal Radiation Council that a commitment to the siiiyle values fepresented by the 
Radioactivity Concentration Guides might prove arbitrary and inflexible, and not provide adequate guidance for 
taking a ssc Bsni c n t and control actions appropriate to the risk invidved. Tbeidfoie, the Councirs Report No. 
2 introduced the concept of graded scales of RANG H s i i t ion in which avenge daily intake of a radionuclide 

by samples of exposed population yroups are listed in tiiree ranges. Tliese ranu'es apply to certain selected 
radionuclides ot health significance, namely, radiuin-226, strontium-&9, strontium-9Q. and uxline-131. In 
geneial, the single radioactivity concentration guide equivalent corresponds to the upper limit of RANGE II. 
For intakes in RANGE I, the Council guideline recommends periodic, confirmatory surveillance as necessary, 
for RANGE 11, quantitative surveillance and routine control is indicated; and for RANGE 111, the Council 
advises evaluation and application of control measures as necessary. 

G. Protective Action Guides 

All of the forgoing guidelines are predicated upon the more or Ism constant rekasL- ot low-level 
radioactivity into the environment from the routine uses of radiation, and assume continuous radionuclide intake 
by the population. Control, then, is based primarily at the source. There are ca.scs, however, in which the 
coBtaminatkm of the enviroimient mi^ be accidental or imfbnaeen, prodneing eontanunalkMi which is transient 
and not likely to recur; these might include reactor incidents which result in relatively hiyh but temporary local 
radioactivity levels, for example. In cases of this kind, the 'coniaiiiinating event' would not occur on a regular 
basis, and control, or protective action, might be based upon limiting or changing the uptake of certain 
contaminated fiK)ds by the population. However, the impact of such measures upon the conuiiunity which they 
are designed to benefit requires careful consideration by responsible authorities to insure that the benefit of the 
action taken is not outweighed by its odier effects. To deal wi^ this kind of situation, the Gooncil, In its 
Reports No. 5 and No. 7, introduced the Protective Action Guide (PAG) concept. The PAG is defined as the 
projected absorbed dose to individuals in the general population which would warrant protective action following 
a contaminating event. It is a.ssumed that the corresponding projected do.se to a suitable sample of the exposed 
population would be one-third of the PAG. These guidelines have, thus far, been established for iodine-131, 
slrontium-90, and cesium- 137. It should be noted that a decision to take action to limit a community's intake 
of an important basic food item containing radionuclides involves a balancing of the health benefits to be 
attained against imdesirable features of the protective action, such as disruption of dietary habits and nutritional 

needs. It follows, then, that control actions could be employed at dose levels above or below the PAG, 
depending upon the degree of total impact which the action has upon the community. 
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IV SUMMARY 

Based on current infornwiion, Radiation Protection Guides for radiation do-^c have been recommended. 
These levels are subject to nKxiiticaiiun a.s more knowledge is gained. In view of their status and the possibility 
that any ndiation dose may be damaj,'ing, it is wdl to recall the definition of the Radiation Protection Gaide 
as that fadiatlon dose which should not be wtpeeded wtHioat careful consideration of the reasons for doing ao. 
Every effort should he made to encourage the maintenance of radiation doses as far helow the Guide as 
practical. Table I summarizes the current recommendations of the ICRP and Federal Radiation Council. Table 
II are examples of the post-Chernobyl 'action levels* as applied by various countries. Tab]« HI are exanplea 
of the Iniarim Internationai Radionuclide Action Levels for Foods. 

Table I summarizes the curnnt reconunendatioas of tbe ICRP and the Federal Radiation Council. 



TaUcI. 

Type of Exposure 
Radiatirm woricem 

(a) Whole body, head, and trunk. 
Active blood-fonning organs, 
gonads, or lens of eye 

(b) Skin of whole body and 
tbyrajd 

(c) Hands and foveanns, feet and 

(d) Bone 



(e) Other 
POfNdalion; 



(a) Individual 

(b) Average 



Radiation PlrotectUm Guides 
Condition 
Accumulated dose 



13 weeks 
Year 

13 weeks 
Year 
13 weeks 
Body burden 



Year 
13 weeks 



Year 
30 years 



Doae'(rem)- 

Five Times number of 

yean beyond age 18 



3 

30 
10 
75 
25 

0.1/iCtof™Raorit5 
biological equivalent 

15 
5 



0.5 (whole body) 
5 (gonads) 



'Minor variations from other recommendations are not considered significant in light of present 
uncertainties 

^Hiee in Sieveits (Sv) is obtained by multiplyings by 10^ 
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Table n. Examples of p(><>t-Chernol)yl "uction levels" applied by dilTerent 

countries as of December 1986 for radionuclides in imported foods 



Country K a di onucii de Food Action Level' 

(Bq/kf or Bq/L 

Brazil '**Gb -I- *^C» Milk powder 3700 

Odter foods 600 

Qnada "'I Milk 10 

Dairy Products 40 

Other foodji 70 

•»Cs Milk 50 

Dairy ProducU 100 

Other foods 3Cn 

Spices 3000 

European Community ''^Cs + '"Cs Milk and infant foods 370 

Countries* Other foods 600 

'"I Milk 500» 

Vegetables 350 

People's Republic "'I Milk 1300 

of China Fniits and vegetables 270 

Cereals 340 

Bevera^ 130 

*^Ca Milk 4600 

Fruits and v^etaUes 1000 

Cereals 1200 

Beveiages 460 

Potand 'Total Beta Milk powder fur 1320 

Activity* infants and children 

to6 yeais 

Sweden '"I All foods 2000 

"'Cs All foods 300 

USA '"I Infiuit foods 56 

Other foods 300 

"4Cs + All foods 370 



Different farms uaad in difSarant countrias «.g. "Levels of oonoem" (USA), 'Scraeaing 
limits" (Canada), 'Maximum permined levels for import finmi third countries' (EC 

countries). 

Belgium, Denmark, Frunce, Federal Republic of Germany. Greece, Ireland, Italy, 
Luxembmug, Netherlands, Portugal, Spain, United Kingdom. 

Recommended values by EC in May 1986. 
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Table ID. Examples of Interim Internatiomil Radionuclide Action Levels Tor Food (IRALf) 



Radiunuclidc Tarj^ 
Orgun 



Sr90 

•let yw bone surtac« (infant) 

-following yean 



1-131 
-1st year 

Cs-134 
-1st year 
^bUowing yean 



thyroid (infant) 
whole body (adult) 



Duse Dose 
Level Convefsion 
(mSv) Factor 
(Sv/Bq) 



50 1.9 X 10 * 
10 1.9 X 10^ 



50 



2.9 X 10* 



2.0 X 10* 
2.0 X 10* 



RadiontKlide 
Intake (Bq 



Food 
Intake 



cnrrospondmi") (kg) 
to the dusc 



26.000 



17.000 



250.000 
50.000 



375 
375 



40 



750 
750 



IRALF 
(Bq/kO 



70 
20 



400 



350 
50 



Cs-137 

-let yew whole body (adtdt) 5 1.4x10* 360,000 750 500 

•fbUowimyeais I 1.4x10* 71.000 750 100 

Pu-239 

-1st year bone sui«Kid (intent) 50 1.7x10' 3.000 375 10 

-Jbllowing years 10 1.7x10' 590 375 2 
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IV GLOSSARY OF TERMS 
INTRODUCTION 

This Gloasuy of Terms has been included to assist tlie feader in ondefstanding the abbieviatitMis, 

symbols, and tenns common to the radioass;!} 1 1 1 . L-dures which appear in this manual. Many of the terms will 
be understood by anyone who has read the chapter on laboratory procedure included in most elementary 
quantitative analysis textbooks. Some will be familiar to those having basic knowledge of radiation physics. 
Others will be recognized as terms for which a traditional meaning has been extended to have a special meaning 

in certain contexts. A tew , however, fall into the category of laboratory colicxjuialisms. Although the,se should 
be avoided ui lurmal writing, they have been ailuwed tu a hinilcd extent, particularly la the step-by-step 

procedures. 

All definitions have been restricted to the context in which the terms are used m this manual. The 
Gknsaiy of TenuB is neither a dictionary nor a complete glossary of terns. The rapid growth and deveiopiaeot 
of scientific and tedinologica. knowledge, precludes publication ei any single oomplele glosmy of citnait 
technical terms. 



(1) ABBREVIATIONS AND SYMBOLS 

A activity, unless otherwise 
specified 

AC alternating current 

a alpha; alpha particles, 

energy of alpha particles, etc. 

w approximately 

BP boiling point 

fi beta; as beta particles 
beta radiation, etc. 

C centignule 

Ci curie(s) 

cm ceotinieter(s); iO'^ m 

cm* square centimeteKs) 

cph count(s) per hour 

cpm count)s) per minute 

d day(s), in reference to half-life 

dpro disintegration(«) per minuto 

* degree(s) 

E energy, unless otherwise slated 

Emb maximum energy 

e.g. exempli gratia; for example 

er 41/. ei alii; and others 

etc et cetera; and so forth 



F Fahrenheit 

ft foot (feet) 

9? cubic foot (feel) 

g grants) 

CM Geiger-MOller 

Y gamma; ab gaiiuiu rays, gamma energy, 
etc. 

h hour(s), in reference to half-life 

Le /</ cat; dial is 

in inch(es) 

in' square incfa(e6), aq in 

in* cubic inch(es), cu in 

keV kiloelectron voll(s); lU' electron volts 

kg kilogiunCs); 10* grams 

L or I litTe(8), lilerfs) 

X lambda; 1. decay constant 

2. microliter; 10'' milliliter 

M molar, as applied to conoentrstion of a 
substance in a solution 

mA milliampere(s); 10^ ampere 

max maximum 

meq nuUiequivaleot(8) 

MeV million electron volts 
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iqg 


niilligram(B); 10* gram 


+ 


plus 


nun 


nunute(s) 


± 


plus or .ninus, expressing a range 


ml 


miUiller(s); 10^* liter 


ipm 


fevolutioa(s) per minute 


nun 


millimeteKs); 10* m 


s, sec 


aecond(s) 


fiCi 


nucrocuhe(s}; 10'' curie 


spur 


specific gravity 


ut 

WW 


niicrognun(s); 10* gnun 


c 


signui; stwufainl deviation 




niiniis 


t 


time, in hours days, etc. 


N 


normal, as applied to 




hulf-litc, equal tu 0.693 devided by the 




concentration of a substance 




decay constant 




ina lolutioQ 










V 


volt(s) 


nCi 


najKKurie(s); 10 ' curie 










v/v 


volume to volume: by volume 


pCi 

F 


picocitrie(s); 10" curie 










wt 


weight 


ppm 


p«i1(s) per million 










w/v 


weight to volume: by weight 


/ 


per, UevideJ by 










y 


year(s), in reAsnsnoe to half-life 


% 


percent, per bundled 
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DEFINITION OF TERMS AND LABORATORY PRACTICE 



•Uquot 



analytkal iMfauKe 

aspirate 
background 



at(f.: 1 . Chctn. - Pactional, as an aliquot portion of a chemical solution, iroplying a 
measure part. 

2. Math. - contained an exact number of times in something else {e.g. , S is an aliqaot 

part 11 f 15) 

lu : an aliquot part; a measured portion of the whole 
tux a balance capable of weighing to 0.1 milligram 

v.t.: 1. to draw oil ur move fluids by suction; to draw off tluids with an aspirator. 
2. to draw air tliroui^ 

n. : the sum of phenomena always present to affect physical apparatus or instrument 
nspoosa in the abBBnoe of a sample, above which a phoiomenon must show itaelf b 
order to be measured. The term is applicable to radioactivity measurements (r.^., 
counts or currents from cosmic rays), photometric measurements, etc., and is 
sometimes used in the sense of 'blank determination'. 



Uead 



carrier 



carrier recovery 



centrifuge 
chemical yield 



count 



V./.: to break Aown or mix id form a homogenous mass so that any portion of the 
mass is identical in composidun, form, etc. tu any other portion 
n.: a homogenous mass or mixture 

/J.: a substance in ponderable amount which will carry a trace substance with it 
through a chemical or physical process. If carriers are of the same etement as the 
trace substance (e.g. Sr tor ""Sr), they are called isolopic carriers; if of a cfaenucal 
similar element («.^., Ba for Ra), they are called non-isoiopie cutnen. 

N.: that fraction or portion of a carrier substance initially added which is finally 
recovered in the final product; esp., that which is tlnally recovered in a sample to 
be counted. Carrier recovery may be determined by weight, by tiame 
apeetrophotometry, or by other chemical or physical means. 

II.: an apparatus for the separation of substances by centritugal force 
v.: to separate by centrifugal force substancea of tifferant densities 

«.: the quantity of a chciniLal pr(Kluct, such as a precipitate, obtained as a result of 
a chemical process expressed as a traction or percentage of the amount theoretically 
obtainable (see yield) 

«.: 1. the external indication of a device designed to enumerate ionizing events. 
Count may refer to a single detected event or to the total number of events r^stend 

in u given peritxl of time; loosely, a disintegration, an ionizing event, or a voltage 
pulse. 2. (CuUoj{.) a counting rate; the number of counts observed per unit time 
v./.: to measure the radioactivity or a substance by enumerating the ionizing events 
it produces in a detector during a known time interval 

Jl.: the number of ionizing events detected per unit time. Backjj^rouitd count rate is 

the number of ionizing events registeied tqr the detector qrsiem in imit time when no 

sample is pre.sent. Net count rale is the number of ionizing events registered by the 
detector per unit time in the presence of the sample excluding the luKkgrouod count 
rate. 



daughter 



fl.: any ratiioactive or st.sM.- init lidt- produced by the radioactive disintegration of a 
radionuclide, either directly or as the result ot a series of transformations in a 
radionctive decay chain (^r; ^'Po is a daughter of 

adj.'. designating a relationship in a radioactive decay aeries, as daughter product 

v./.: to pour off gently; usually, to pour off the clear liquid above a settled or 
centrifuged residue 
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dry 



(ifyness 

equilibrate 
extnd 

extnction 

ganuna scan 



homogeMte 
or homoffloizing 

homogenized 



ingrowth 



ion exdumge 



isolopd 



nuclide 



v.t.i to remove the moisture from; to make devoid of moisture. Rigorously, drying 
means treatment in an oven at a temperature between 100* C and 1 10° C. but the 
term is extended to include the use of a hot plate or an in(Ta*red lamp. Drying 
implies a more gentle treatment than tgnitini; or baking. 
: finse of moisture; not wet or damp 



Take (u dryness implies the removal ot liquid. 



panat 



n. tlie state or ijuitlity ot being dry. 
hut not prolonged baking. 

(see radioactive equilibrium! 



v.r.: to obtain or withdraw from a composite sulistance by any diemical or 

mechanical process, as by dislillalion. dissolution, etc. 

II. : that which has been extracted, usually in a concentrated torm 

/;. : the process of extnictins; or separating a certain substance t'rt)in a mixture usually 
by means of solvents; exp.. a process of separating or Lsolattng a substance in 
solution by virtue of its varying degree of solubility in different solvents 

nt.: {CoUoq.) a spectrum of gamma energies, usually in printed or plotted form, as 
diat d>taiiMNl fram gamma pulse height analysis 

v.; (Colloq.) the process of obtaining a gamma spectnun; the prooeB of examiniog 
a sample for gamma emilters by pulse height analysis or i^wctromelfy 

H.: that which has been homogenized; the homogeneous mass resulting from Uendiag 



uniformly blended: made homogenous; Isee blend] - S/feciak with milk, to 
indicate treatment by a technical process using high temperature and preasuie to 
break up and uniformly dis^rse fat globules. 

M.; {CoIUk/.) the formation of a daughter product from its radioactive parent (<'.^'. , 
""Y from '*^r). usually applied to accumulation of the daughter product in a solution 
in which the radioactive parent has been isolated. 

/;.: a chemical process invoKinj; the n^wnible intcrch;(ni.'c of ions at a phase 
boundary, usually between a solution and a particular solid material, such a.s an lon- 
exchange resin adj.i ion-«xchange 

The special terminolojry used in reference to this prtKess is defined in the context of 
the following statement. < A solution is poured through an Uw-ejcdtaiifie atlumn 
which is a tube containing an fm-ex€iM»!ie resin. The solution that comes through 
is the olT^iH'il/ (general ternil The material retained on the column (on the resin) is 
the adsorbate. The adsorbate is dated from the resin by pas.sage of a reagent 
solution, the t-luant, through the column. The effluent from the process of dittUm 
is the cIiKiie. The column (resin) is washed by pouring a reagent wash solution 
through it, usually to restore the resin to its origiiuil ionic stale. > 

A.: one of two or mom species of atoms of the same element that have the same 

ainmic number, occupy the same position in the periodic table, and arc nearly 
identical in chemical behavior but differ in atomic inass or nuuss number and so 
behave differently in radioactive transformations, radioisotope: a radioactive isotope 

R.'. one of two or more species of atoms of the same clement that have the same 
atomic number, occupy the same position in the periodic table, and are nearly 
identical in chemical heha\ior hut differ in atomic mass or mass number and so 
behave ditlerently in radioactive Iransfornutions. radioisotope: a radioactive isotope 

n. : a radionuclide that disintegrates directly or through a series of transformations to 

yield a specified nuclide, the daughter; (<'.!,•., ''*U is the parent of all members of 
the uranium series including the stable end product ^Pb) syn.: nidioactive prccurMir 
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purity a.: th« state of being tree from mixture or contact uitfa contaminants, pollutants, or 

other substances which will interfere with a chemical process or and product 

(|Ualitative aJj.: 1. showing the nature or identity of any or all dements <ir niateriais in a 

compound or mixture without rclerence lo the quantities present, not quuntitative. 2. 
(Cdttoq. ) Impfoperly used to describo an analysis or analytical lesult in the sense of 
4^ipimiitua0 or rough 

quantitative adj.: 1. determining or diowing the quantity or amount of any or all elements in a 

given compound or solution or the oom|wnent8 of a mixtuie. 2. complete, as 
quantitative transfer. 



radioactive equilibrium n.: the state attained among the members of a radioactive decay series or part of a 

series in which each parent has a longer half-life than its daughter, when the ratios 
between the activities of successive members remain coiuitant, /. e. , the ratio of parent 
activity to daughter activity is independent of time. 

Secular f</uilil>riuin is approached, Init never completely attained, when the half-life 
of the parent is so Itmg that there is no appreciable change in the amount of parent 
during the time required for later products to attain equilibrium, so that equal 
numbers of atoms of all members of the series disintegrate in imit time, i.e., all 
m inbors of the series exhibit the same activity («.g., ^Ra and its aeries through 
- bi). 

ThmiHeM eqidUMmH will be reached if tfw iudf4lfB of the parent is so short that the 
quantity of parent decreases appreciably during the given time interval, so that all 
members of the series decrease in amount or activity 

exponentially with the half-life of the parent (e.g, , and its series through "*Bi; 
••Ba to '•U). 



reagent grade 



recovery 



scavenger 



apectrouMtiy 



standard 



standard, radioactive 



adj. or n.: conforming to American Chemical Society specifications for reagent 
chemicals as published in Reuf-cnt Chemicals: American Chemical Society 
Specifications, 1960^ by the American Chemical Society Committee on Analytical 

Reagents 

: the t|iiaiitit) i)f a product obtained as a result of a reaction or process or series of 
these, expressed as a fraction or percentage of tliat theoretically obtainable from the 
quantity of one of the chemicals or radioactive components initially prasent or added 
Isee carrier recovery] 

v.: to treat a container with water or other suitable liquid to facilitate a quantitative 

transfer, usually a mechanical action 

II.: the liquid agent used to £Kilitate a quantitative transfer 

M. : a substance added to remove impurities or to overcome the undesirsble effects of 

one or more of the substances contained in a mixture (r t,'. , Fe, Cd, and Zr are often 
used as scavengers to remove rare earths by precipitation.) 

H.I the art or process of using a spectrometer, of measuring spectra, or of 

determining wavelenyths or energies of the various radiation; implying measurement, 
as a spectrometer is a spectroscope fitted for measurements of the spectra observed 
with it; also, pulse height analysis 

It.: an established measure of volume, quantity, quality, or value; esp., a material of 
known composition which closely lesembles in chemical and physical characteristics 
the sample to be analyzed and which is used fur calibration 
adj.i having the accuracy or authority of a standard, serving as a gauge or model, 
as a standard weight 

//. : a sample of radioactive material in which the number and t\ pe of radioactive 
atoms at a given reference tune is known; a standard against which radiation 
measunsmeot equipment can be calibrated 
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supernate 
ntrveiUance 



wash 



water, deioniaed 



/;.: a supernatant liquid ur sub-stance; esp., a liquid truin which a precipitate has been 
thrown down; abo. superaatant 

n.: a continuous scrutiny or inspection of an area, environment, population, etc.: • 
esp.. a continuous prognun of delecting, measuring, recording, and evaluating tfae 
oondition of an area, environment, or population with respect to its content of 
nulioactive material or its exposWB to ladiation. 
at(/. : pertaining to surveillance 

v.: to convey from one place tn ;iniitht-j; esp., in remove a measured or known 
quantity of a sample from one container to another, as with a pipette 
M.: the act of makinjt a tninsfer |see quantitative] 

v.: to cleanse, purify by immersing in or applying water or other liquid, often 
accompanied by agitation; - cap., to remove mother liquor from a precipitate by 
thorough mixing with water or other suitable liquid followed by sepaiatioa by 
centrifiigation or filtration. Treatment with several small portions of the liquid is 
much more elective than with one or two larger portions. Solution and 
tepTBcipitation is sometimes mora eflecttve in purifying than is washing, 
n.: the liquid used to cleanse or purify 

n.: leagent water prepared by passage through mixed-bed ion-exchange resins in the 
H* and OH* forms 



water, demineralized n.: deiontzed water 



wetghtlesa 



yield 



A.: reagent water prepared by distillation 

«.: water suitable for use in the analytical laboratory, prepared from tap water by 

distillation or deinniziition to contain not more than 5 .0 parts per million of dissolved 
solids and to have an electrical conductivity of not more than 8 micro-mhos per 
oentimeter at 25*C. Reagent water is defined above is suitable for the proceduras 
of this inunuul; however, high purity reagent water should meet the more Stringent 
American Chemical Society specifications for distilled water. 

adj.: having such a small mass that it may he neglected, as for aelf-absorption 

correction.s. A sample weiirhing less than 0. 1 miiliLT.un per square centimeter may 
be considered weightie.ss in determining its beta activity. 

H. : the quantify of a product obtained as a result of a reaction or process or .series of 
these expressed as a fraction or percentage of that theoretically obtainable from the 
quantity of one of the chemical or radioactive components initially pieaent or added 
fsee carrier lecoveiy] 
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Radionuclides in foodls a comprehensive introduction to radioactivity and 
radiation. Topics covered include natural and artificial radioactivity, 
radioactivity in the environment, metabolism of radiation in humans and 
animals and radionuclides in the food chain. The emphasis, however, Is on 
analytical methodology that can be used reliably by the national food control 

authorities charged with protecting consumers from unsafe imported and 
locally produced food. The manual, written by an international expert, will bo 
useful to all who are interested in problems related to radionuclide 
contamination of the environment and of the food supply in particular* 
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